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ABSTRACT

Changes in the mechanical loading on the skeleton have been shown to influence
bone density. In bone disorders, such as disuse osteoporosis, the reduction of loading on
bone leads to reduced bone mineral density and thus increased risk of fracture. Previous
studies have suggested this may be caused by a change in the mechanical environment,
specifically hydrostatic pressures, of the bone cells, resulting in a change in cellular
activity. However, the pressure parameters and mechanisms involved in the
promotion/suppression of osteogenesis in 3D in vitro culture of bone cells are not well
understood. This doctoral thesis sought to investigate the role cyclic pressure frequency
has on the osteogenic differentiation of mesenchymal stem cells (MSC) in a 3D alginate
microbead in vitro culture. Specifically, the objective of this research was to test the
hypothesis that the osteogenic differentiation of MSCs in 3D was enhanced by cyclic
pressure applied at a critical threshold frequency. To test this hypothesis an alginate
scaffold and 3D culture conditions were first developed and then used to assess the
effects of cyclic pressure at different frequencies on MSC differentiation.
To develop a 3D culture system the effects of RGD modification on mouse MSC
survival and differentiation in alginate microbeads were first examined. MSCs were
encapsulated in unmodified or RGD-modified alginate and cell proliferation and the
expression of several osteogenic markers were monitored over a 28 day culture. While
RGD modification did facilitate cell adhesion, it did not affect MSC viability or
proliferation. However, RGD did promote the development of mature osteoblasts and
was therefore used in the remaining experiments. Both an increased matrix stiffness and
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low seeding density were found to enhance the osteogenic differentiation of MSCs in 3D,
most likely through a change in integrin binding and nutrient supply, respectively. The
addition of cyclic pressure (5-35 kPa for 1 h/day) also resulted in increased osteogenesis
of MSCs in 3D, but only when applied at 0.5 Hz and not 0.1 Hz.
In summary, we have demonstrated that RGD, a high matrix stiffness, and low
seeding density can promote the early upregulation of osteogenic markers and maturation
of osteoblasts. Additionally, the results of the present study provide evidence that the
promotion of the osteogenesis of MSCs in 3D by cyclic pressure is affected by frequency
and that a threshold likely exists around 0.5 Hz. The current findings will help progress
the field of bone cell mechanobiology and can be used in the treatment of bone
degenerative diseases.
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CHAPTER ONE
INTRODUCTION AND BACKGROUND

1.1 Introduction
Bone is a unique organ that provides structural stability for the body by
maintaining its own shape to fit an individual’s needs. Numerous studies have shown
that a strong relationship exists between mechanical loading on the skeleton and bone
architecture. Increases in bone strength and density have been seen in individuals who
perform weightlifting and high-impact exercise [1]. Conversely, a reduction in the
amount of load carried by a bone will cause a decrease in strength and mineral density
[2]. While the correlation between magnitudes of loading and alteration in bone density
has been well established, the specific mechanism underlying this phenomenon is not
well understood. To date, a number of in vitro studies have explored the effects different
mechanical stimuli (e.g. stretch [3], shear stress [4], hydrostatic pressure [5]) have on the
cellular response of bone cells (e.g., osteoblasts, osteoclasts, osteocytes). However, the
majority of these studies have focused on 2D in vitro culture and few studies have
examined cell mechanobiology in a 3D scaffold. In order to better understand and
represent the cell in vivo response to a mechanical stimulus, it is necessary to investigate
cell responses in 3D, which may better simulate the in vivo environment. Not only does
this lead to a more complete understanding of the human body, but this knowledge can
lead to advances in the treatment of skeletal diseases and further the development of bone
tissue engineering.
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1.2 Brief Review of Bone Physiology
The natural ability of bone tissue to repair and regenerate itself is due to the
constant remodeling process by two main cells within the bone: osteoclasts, the boneresorbing cells, and osteoblasts, the bone-forming cells. The osteoclasts are large (20100 µm in diameter), multinucleated cells derived from a mononuclear/phagocytic line of
the hematopoietic cells [6]. These cells are responsible for the initial excavation stage of
bone remodeling (Figure 1.1). When active, osteoclasts attach to the bone surface and
release enzymes and hydrogen ions to break down both the organic and inorganic
components of bone [6]. The resorption process typically lasts between 1-3 weeks, from
osteoclast activation to the end of bone erosion [6, 7]. The end of bone resorption events,
followed by the beginning of bone formation is termed the reversal stage. While the
specific mechanisms are yet to be elucidated, it is suggested that this phase allows
osteoblast precursors to become active and migrate towards the site of newly excavated
bone tissue [6]. Originating from mesenchymal stem cells, mature osteoblasts secrete the
organic phase of bone, known as the osteoid. This consists primarily of type I collagen,
but also contains other non-collagenous proteins like alkaline phosphatase, osteopontin,
osteonectin, bone sialoprotein, and osteocalcin [6]. Over time calcium phosphate mineral
(hydroxyapatite) becomes deposited on the osteoid matrix, resulting in the final
composite material [7]. Complete bone formation and mineralization can take between
2-6 months [6, 8].
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Figure 1.1: Stages of bone remodeling. Bone is initially broken down through
osteoclast activity during the resorption phase. This is followed by osteoblast production
of the osteoid (organic phase of bone) during the formation phase. Mineralization of the
organic matrix then occurs and can take up to 6 months [7].

In addition to osteoclasts and osteoblasts, there are several other critical cell types
within the bone tissue. Bone lining cells cover a large amount of the mature skeletal
surface. It is suggested that these may be quiescent osteoblasts or osteoblast precursors,
however little is known about their differentiation potential [6]. The most prevalent cell
type within bone is the osteocyte [6]. These cells derive from osteoblasts that become
trapped in the osteoid matrix at the end of bone formation. These cells are located
throughout the bone matrix and are connected to one another through cellular processes
in a canulicular network (Figure 1.2). The other critical group of cells in bone is the bone
marrow stem cells (BMSC) that are present within the central canal of bone and the
trabecular spaces. Bone marrow stem cells contain precursors that differentiate into a
number of different types of cells including osteoblasts and osteoclasts.
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Figure 1.2: Typical bone structure. The main functional unit of bone is the osteon. It
contains a number of osteocytes, the most prevalent bone cell, interconnected by
canaliculi [8].

The BMSCs are divided into two general categories. The first is the
hematopoietic stem cell, which has the potential to differentiate into red and white blood
cells, as well as osteoclasts (derived from the monocyte/macrophage line of myeloid
blood cells). As the hematopoietic cells differentiate, they move into the blood stream,
helping to maintain the body’s supply of blood cells [9]. Osteoclast precursors can be
activated and migrate to the site of remodeling either from the marrow or a nearby
capillary [10]. This activation is typically onset through interaction with cytokines such
as receptor activator of nuclear factor κB ligand (RANKL) and macrophage colony
stimulating factor (MCSF), released by osteoblasts and other types of stromal cells [10].
Recombinant proteins such as RANKL, MCSF, and other soluble factors have been used
in vitro to differentiate BMSCs into osteoclasts for a number of studies. For example, the
exposure of mouse BMSCs to recombinant interleukin-3 (IL-3, 10 U/mL), a cytokine
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typically produced by T lymphocytes, led to an increased number of tartrate resistant acid
phosphatase (TRAP) positive and multinucleated osteoclasts after eight days in culture
[11]. However, the most frequent method of differentiating stem cells into osteoclasts is
the co-culture of hematopoietic stem cells or osteoclast precursors and osteoblasts or the
second type of stem cell, the mesenchymal stem cell (MSC) [12].
MSCs have the ability to differentiate into a variety of cell types, including
osteoblasts, chondrocytes, adipocytes, neuronal cells, and myocytes (Figure 1.3) [9, 13].
The fate of each stem cell is dependent upon activation by various cytokines and
transcription factors. For example, osteoblasts have been shown to release bone
morphogenetic proteins (BMP-2, -4, and -6), which are key cytokines responsible for
stimulating MSCs to differentiate into osteoblasts [14]. When stimulated by these
soluble factors, the activation of the runt-related transcription factor 2 (Runx2) in
combination with Osterix (Osx) transcription factors in MSCs is seen as one of the early
indicators of differentiation into osteoblasts [15, 16]. Studies have found that Runx2
controls the transcription of key osteoblast markers such as type I collagen, osteocalcin,
and bone sialoprotein [15]. Although the mechanisms for the regulation of Osx are still
unknown, studies have demonstrated it is necessary for proper bone formation as Osx
knockout mice fail to develop osteoblasts and mature bone [15, 16].
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Figure 1.3: Mesenchymal stem cell differentiation pathways. MSCs can differentiate
along multiple cell lineages both in vivo and in vitro [13].

It is well established that in vitro, MSCs can be directed towards the osteoblast
lineage through media supplements such as dexamethasone (steroid), β-glycerophosphate
(source of phosphate for mineralization), and ascorbic acid (essential vitamin for collagen
synthesis) [17-19]. The culturing of marrow cells from various species including mouse,
rat, and human in media with these supplements has consistently demonstrated
differentiation of MSCs into cells that express an osteoblast-like phenotype [18, 20, 21].
It has been reported that MSCs that are differentiating into osteoblasts in vitro express
alkaline phosphatase (ALP) mRNA and proteins after approximately 1-2 weeks of culture
in osteogenic media and maintain expression up to 20-26 days [17, 22]. A significant
increase of type I collagen (Col1) in the extracellular matrix is also observed during the
first two week culture period [22]. The elevated ALP and Col1 production by these
differentiating MSCs is then followed by the formation of mineralized nodules [21] and
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calcium deposits [17], usually evident after 2-3 weeks of culture in osteogenic media.. As
mineralization occurs an increase in the expression of osteocalcin (OC) occurs over the 34 week culture period [23]. From these studies it is agreed that ALP and Col1 are early
markers of differentiation while OC is a late marker (Figure 1.4). It has been reported
that this in vitro time course for osteoblast differentiation parallels that of in vivo studies
of estrogen-induced bone formation where early markers like ALP are evident around
day 4 and peak in expression at day 20, while OC expression is not evident until day 20
[24]. Through the use of the media supplements, the temporal differentiation of MSCs
can be induced and indicated by the expression of these proteins, from pre-osteoblasts
(Col1 and ALP) to mature osteoblasts (OC and calcium deposits).

Figure 1.4: Characterization of osteoblast differentiation in vitro (Col1: type I
collagen; AP: alkaline phosphatase; OP: osteopontin; OC: osteocalcin) [23].

1.3 Effects of Skeletal Loading on Bone Remodeling
Initial observations that bone has the ability to adapt to its mechanical
environment date back to the 1890s [2] and a number of investigations have been
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conducted on both animal (e.g., mice, chicks, dogs) and human skeletal elements since
then [2]. These in vivo studies have provided insight into the main principles behind the
response of bone to increased and reduced loading.

Mechanical Adaptation of Bone in Humans
The effects of mechanical loading on bone remodeling are often studied by
comparing the skeletal tissues of human subjects that perform different sports and/or
physical activities. For example, Morel J. et al reported that men engaged in weight
bearing sports like rugby and soccer exhibited a significantly higher bone mineral density
(BMD), than those in non-weight bearing sports like swimming [25]. Additionally, these
activities affected different parts of the skeleton in different ways. Compared to rowers,
rugby and soccer players exhibited higher BMD in their legs, but no difference in head
BMD numbers [25]. This and other similar studies [26, 27] demonstrate that added
mechanical loading has a net positive effect in the formation of bone. More importantly,
this increase in bone is present locally, in the areas that are specifically experiencing
increased forces rather than systemically. This leads to the theory that the specific
change in the mechanical environment of the cells is what leads to a change in cell
activity, allowing the tissue response to be site specific.
Mechanical adaptation of bone can manifest negative effects as well. When
loading on the skeleton is removed, such as in spaceflight [28] or prolonged bed rest,
bone loss can occur [29]. In these situations the weight on the skeleton due to gravity is
drastically reduced and results in a loss of bone mass, a condition known as disuse
osteoporosis. The data collected on the International Space Station and Russian space

8

stations revealed that male and female astronauts (and cosmonauts) exhibited a reduction
in BMD on average at 1% per month in the spine and 1.5% per month in the hip while in
space [28]. Upon returning to Earth, the rate of bone formation was much lower than the
rate at which it was resorbed, resulting in a long recovery period. Some studies have
shown it can take one to three years to return mineralization levels to pre-flight numbers
[30]. Patients who are bed-ridden for long periods of time also face a loss of bone.
Similar to the results seen in astronauts, healthy human subjects who spent seventeen
weeks lying in bed lost a significant amount of mineral content [30]. As demonstrated
with the sports studies on humans discussed previously, the amount of bone lost by both
astronauts and bed-ridden patients was dependent on the location in the skeleton. For
example, the distal radius of the bed-rest subjects exhibited no decrease in bone mineral,
while the hip bones experienced an average of 3.4% decrease in bone mineral [30]. This
selective bone loss indicates that disuse osteoporosis primarily affects the bones that
normally support more weight during normal ambulation [30]. It is evident, based on
these findings, that mechanical loading is crucial in the maintenance of the skeletal
system integrity. To date, however, the exact mechanisms of disuse osteoporosis are still
debated, some point to the increased resorption, while others indicate a decrease in bone
formation as the sole cause [28].

Animal Models of Mechanical Adaptation of Bone
To investigate a causal relationship between mechanical loading and bone
remodeling seen in humans, experiments have been performed using animal models [2,
31, 32]. Rats that were put on a treadmill exercise regiment for twelve weeks exhibited a
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significant increase in bone volume in the tibiae, but no change in their vertebrae,
compared to inactive controls [2]. These results provided additional evidence that sitespecificity exists for bone remodeling due to significant load changes. Other studies that
examined dynamic loading on the long bones of rats have demonstrated that the
frequency of an applied load is an important parameter for the remodeling of bone [1].
Specifically, the tibia of female C57BL/6 mice that were subjected to 1,000 µε (at 0.1 Hz
for 1 minute, 5 days a week for 4 weeks) using a non-invasive cantilever loading device,
exhibited a significant increase in the periosteal mineral apposition rate when compared
with non-loaded bones and lower strain rates (0.004 Hz and 0.02 Hz) [33]. The authors
concluded that this level of deformation, which is within the range seen during the
normal walking cycle, could be the specific stimulus to cause the increased bone
formation. Although it is evident that varying the loading frequency results in a different
tissue response, strain cannot be isolated as the sole mechanical signal responsible due to
the complex nature of in vivo loading.
The disuse condition has been simulated in animal models by removing all
loading on specific skeletal regions. The currently accepted standard for modeling a
lower gravity-like environment is the use of hindlimb (or tail) suspension [34]. In these
experiments the back legs of rats or mice are suspended in the air to prevent any loading
(Figure 1.5). Studies using this model have begun shedding some light on potential
mechanotransduction pathways. For example, hindlimb suspended mice and rats had a
significant increase in osteoblast and osteocyte apoptosis as early as three days of
unloading, when compared with ambulatory controls [35, 36]. Moreover, a
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downregulation of the α5β1 integrin and B-cell lymphoma 2 (Bcl-2) cell survival protein
in the femur metaphysis at four days of unloading was observed using Western blotting.
Together, these results led to a hypothesis that the downregulation of the α5β1-Bcl-2
pathway plays a role in osteoblast apoptosis in response to reduced mechanical loads on
the skeleton [36]. In combination with hindlimb suspension, vein ligation has also been
used as an experimental condition to investigate the role of intraosseous pressure and
interstitial fluid flow in the mechanical adaptation of bone. The technique of vein
ligation is designed to increase venous, as well as intramedullary, pressure by tying a
ligature around the vein, constricting blood flow. Bergula et al. demonstrated that
femoral vein ligation in a suspended limb led to a higher bone mineral content compared
with the non-ligated suspended limb [37]. This suggests that the mechanism behind
adaptive bone remodeling may be due to pressure, fluid flow, or a combination of the
two.

Figure 1.5: Common hindlimb suspension setup. Rodents are normally suspended by
their tail to remove loading on the hindlimbs. This technique is often used to model
disuse osteoporosis effects within the hindlimbs [34].
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Although it is clear from these in vivo studies that local skeletal loading and
interstitial pressure changes associated with the loading affect the bone cell activity
pertinent to the tissue response, it is still unknown what cellular/molecular events are
critical for the change in bone turnover. Determining both the molecular signals and the
specific mechanical stimulus (or stimuli) involved in mechanical adaptation of bone will
further advance our understanding of bone mechanobiology.

1.4 In Vitro Studies of Bone Cell Mechanobiology
From both animal and human studies, it can be speculated that bone cells are
responsive to a range of mechanical stimuli resulting from the variety of activities a body
can perform. The various magnitudes and frequencies at which these different stimuli
occur within the bone make isolating specific influential factors and cell responses very
difficult. Therefore, to elucidate the pathways that link a bone tissue reaction to
mechanical loading, a number of in vitro studies have been performed in the past few
decades. These studies can be categorized based on the modes of loading that the cells in
culture were subjected to, namely strain, fluid flow, and hydrostatic pressure.
In order to apply mechanical stimuli that are within a physiological range and
examine the cellular responses in vitro, early studies focused on first determining the
magnitudes of forces bone cells might experience in vivo. Using strain gauges, peak
strains on the bone surface were measured to be 400 με in compression along the long
axis of the tibia during normal walking in humans [38]. Compressive strains were found
to be similar regardless of species (human, sheep, dog, rat), with walking usually
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generating strains less than 1000 με [38]. In addition to strains, because bone is a porous
material, it has been suggested that the effects of interstitial fluid flow due to loading on
bone cells may also be important. However, determining the in vivo interstitial fluid flow
and resultant shear stress magnitudes inside the bone is exceedingly more challenging
than measuring the bone surface strain [39]. For this reason, the peak shear stress on the
cell membrane in the lacunar-canalicular system during standing and walking was
estimated to range from 0-3 Pa through theoretical models [40, 41] and was also
predicted to be oscillatory due to the cyclic nature of loading on the bones during walking
[4]. While the exact source of pressure that drives this fluid movement is a topic of
debate today, the intramedullary pressure inside the human femur has been predicted,
based on modeling, to be as high as 2 MPa depending on the physical activity [42, 43].
Under static conditions in vivo readings of the human femur intramedullary pressure
were found to range from 1600-4900 Pa [44]. These in vivo measurements and
theoretical predictions have provided researchers with initial parameter magnitudes for
use in in vitro cultures. By using values within a physiological range, more
representative studies can be performed to simulate true in vivo behavior.

Effects of Strain on Bone Cell Function
One of the most frequently investigated mechanical signals in bone is strain. This
stimulus typically requires a simple setup [1]. An example of a strain application device
is a commercially available Flexcell Tension system (Flexcell International) that applies a
vacuum to flexible bottom cell culture plates to strain cell monolayers [3]. Another
example is a longitudinal substrate distension device that uses a motor and rod
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combination to stretch a culture substrate (Figure 1.6) [45]. Similar experiments have
been performed with a number of other cell types, including bladder smooth muscle cells
and cardiac fibroblasts [46, 47], indicating that strain is a significant stimulus for a wide
range of cellular events.

Figure 1.6: Example setup of a mechanical stretch device for the application of
strain to a cell monolayer [48].

In bone cells, application of cyclic strain (1-10%) [49] is shown to lead to an
increase in common bone formation markers. For example, when human MSCs cultured
on fibronectin-coated flexible substrates were subjected to cyclic tensile strain (3% at 0.1
Hz up to 5 days) these cells exhibited significantly greater ALP expression and
mineralization compared to the non-stretched control cells [3]. The authors also reported
that the ratio of phosphorylated to unphosphorylated focal adhesion kinase (FAK) was
significantly higher with stretched versus nonstretched cells, suggesting FAK may play
an important role in the mechanotransduction of stretch stimuli to increase the osteogenic
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potential of stem cells [3]. Moreover, the application of cyclic tensile strain (7% at 0.25
Hz) on human osteoblasts for 4 hours daily for 3 days, using a Cultured Cell Stretch
System (Strex) led to an increase in the production of osteoprotegerin (OPG) and a
decrease in soluble RANKL (sRANKL) [50]. Both OPG and RANKL are key
modulators released by osteoblasts that control the differentiation of osteoclasts. The
binding of RANKL to RANK stimulates differentiation. OPG binds to RANKL and
competitively inhibits RANK binding to prevent osteoclast differentiation. Thus, an
increased OPG:RANKL ratio, as found in this study, would suggest decreased osteoclast
differentiation. While these studies indicate positive effects of applied tensile strain, it
has also been reported that exposure of human osteoblastic cells to strain resulted in
increased bone morphogenetic protein antagonist mRNA expression and decreased
calcium content [51]. However, it should be noted that strain was induced using lead
weights placed on a coverslip over the cell monolayer for 24 hours, resulting in culture
compression (3 g-f/cm2), and assumed, associated lateral stretch [51]. Based on these
studies of bone cell responses to stretch it is likely that there is an optimum range of
strain that leads to positive responses by osteoblasts and MSCs [52].
The discovery of so-called stretch-activated ion channels (SAC) in the early
1980s, supported the hypothesis that cells were able to detect applied strain, which was
an important signal for the function of multiple cell types (e.g., hair cells, muscle cells)
[53]. Although their molecular identity or structures are still unknown, these channels
have been shown to be present in over 30 types of cells and are suggested to be present in
osteoblasts and osteocytes as well [54-56]. It has been proposed that through mechanical
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deformation of the cell membrane these channels, anchored to the cytoskeleton, are
opened and allow the passage of cations into or out of the cell [53-55]. It is hypothesized
that SAC activation is responsible for the stretch-induced increase in intracellular calcium
[54-56], which is an important secondary messenger for a number of intracellular events
(e.g., kinase activation, adenosine triphosphate (ATP) release). While these channels are
potentially involved in the mechanotransduction by a number of cells (e.g.,
cardiomyocytes [54]), their expression in osteoblasts or osteocytes has not been
confirmed, making SAC involvement in the mechanical adaptation of bone hypothetical
at best.
The results of these in vitro experiments have demonstrated that tissues and cells
of bone exposed to applied strain at various orientations, magnitudes, frequencies, and
durations exhibited increased bone formation marker expression and altered osteoclast
differentiation [3, 49, 50]. Although these studies have provided some insights into the
mechanical adaptation of bone, the strains at the levels used in these experiments may not
be physiologically relevant because bone cells (especially osteocytes) do not frequently
experience strain directly and would likely be shielded by the stronger mineralized matrix
from any strain placed on the bone tissue [6, 45]. Moreover, in vivo studies have found
that typical loading on the skeleton ranges from 400 με while walking, up to 1200 με with
uphill running [38], and yet in vitro studies have found that bone cells do not respond to
strain below 6,000-30,000 µε [3, 33]. Together, it can be deduced that if strain does have
a role to play in bone mechanotransduction, some mechanism must exist for the strain to
be amplified in order to stimulate the cells [49].
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Effects of Fluid Flow on Bone Cell Function
One of the current theories for mechanical adaptation of bone is that the strain is
magnified through fluid flow in the bone and detected by osteocytes, which, in turn,
communicate with osteoblasts and osteoclasts to respond to the mechanical loading [57].
Computational models and experiments using tracer molecules have demonstrated fluid
transport within bone tissue during walking and other skeletal movements [58, 59]. It is,
therefore, hypothesized that the bone cells recognize tissue deformation through fluid
flow-induced shear stress and chemotransport changes [2, 40]. The effects of shear stress
have previously been shown to be significant in other cell types such as vascular
endothelial cells that exhibit physiological and pathological responses such as cell
alignment in the direction of flow, to fluid mechanical parameters [60].

Effects of Fluid Flow on Osteocytes
It has been hypothesized that shear stresses due to interstitial fluid flow trigger
cellular signaling in osteocytes because they are the most abundant cells within bone and
could potentially communicate with one another and with osteoblasts and osteoclasts
through the canalicular networks. In a recent study, a co-culture of mouse osteocyte-like
cells and a mouse monocyte/macrophage line led to the formation of multinucleated,
TRAP-positive cells after 9 days and resorption pits after 14 days of co-culture,
indicating osteoclast differentiation and activation. When the osteocyte-like cells were
exposed to oscillatory fluid flow (27 mL/min at 1 Hz) for 2 hours using a parallel plate
flow chamber, prior to co-culturing with the monocytes, the promotion of
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osteoclastogenesis at day 9 was significantly decreased [57]. In contrast, when flowconditioned osteocyte culture medium was added to the osteoclast precursor cell culture,
rather than co-culturing the two cell types, osteoclastogenesis was not inhibited,
indicating that cell-cell contact is necessary for the fluid flow to be effective in reducing
osteoclast differentiation [57]. It is, however, probably very rare that osteocytes come
into direct contact with osteoclasts in vivo, making fluid flow-induced inhibition of
osteoclastogenesis by this mechanism unlikely [57]. Rather, the authors hypothesized
that osteocytes can release signaling molecules that may activate cells other than
osteoclasts, such as osteoblasts or marrow stem cells [57].
To determine how osteocytes might sense a change in fluid flow a number of
theoretical models have been proposed. For example, one model suggests that osteocytes
are embedded in a pericellular matrix that transduces fluid movement around them into
an activating signal to the cells [61]. It has been suggested that fluid flow creates a drag
force on the pericellular matrix and the fibers of this matrix amplify and translate the
force to the cellular processes of the osteocytes [61]. The amplification of forces is then
aided by the coupling of the pericellular matrix with the cell actin cytoskeleton [61].
Another model proposed that the primary cilia on the surface of osteocytes experience
bending in fluid flow, which leads to the opening of Ca2+ ion channels and subsequent
cellular responses [62]. Although these theories are still unproven, evidence does suggest
that fluid movement is an important stimulus for osteocytes and for other bone cells as
well.
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Effects of Fluid Flow on Osteoblasts
While osteoblasts are not located within the lacunar-canalicular system, they are
present along bone surfaces including resorption pits and the marrow, where deformation
due to loading creates a pressure increase and corresponding fluid flow change [40, 63].
The application of static or dynamic (0.5-2 Hz) fluid flow ranging between 1 and 30
mL/min (0.1-2.5 Pa shear stress) for 3 minutes on mouse and human osteoblast-like
cultures has been shown to trigger an increase in intracellular calcium levels at the steady
flow rate of 18 and 30 mL/min, as well as the dynamic flows (0-18 mL/min) compared to
no-flow controls [63, 64]. The cell responses to fluid flow were also shown to be
magnitude dependent: an increase in shear from 0.1 to 1.2 to 2.5 Pa led to an increase in
Ca2+ concentrations with a significant difference between 2.5 Pa and 0.1 or 1.2 Pa [64].
Some proposed mechanisms for the mechanotransduction of fluid flow by osteoblasts
include, but are not limited to, cytoskeletal reorganization and altered integrin expression
[42, 65]. These hypotheses have been tested by, for example, osteoblasts exposed to
flow-induced shear stress (1.2 Pa) which exhibited increased actin staining and fiber
alignment as well as an increased concentration of β1 integrins at focal adhesion points
along the cell membrane compared with unloaded controls [65]. Although the studies on
osteoblast responses to fluid flow have demonstrated changes in cellular/molecular
events, how the cells may detect shear stress is still only partially understood.

Effects of Fluid Flow on Bone Marrow Stem Cells
Like osteoblasts, BMSCs have been suggested as mechanosensing cells of the
bone that detect changes in fluid flow due to skeletal loading. Similar to the findings
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from osteoblasts reviewed above [63, 64], human BMSCs exhibit increased intracellular
calcium levels when exposed to flow-induced, oscillatory shear stress (2 Pa at 1 Hz) [66].
Other human BMSC responses to applied oscillatory fluid flow (0.5-2 Pa at 1 Hz for 1-2
hours) include increased cell proliferation, increased ATP release, and differential
expression of osteocalcin and osteopontin mRNA [4, 66, 67]. These results suggest that
shear stress levels within this range may be an important stimulus for increased stem cell
number and differentiation along the osteoblastic lineage. However, the connection
between increased shear stress and increased BMSC osteogenic potential is still unclear
because of the mixed responses by these cells to flow. For example, while exposure of
human MSCs to oscillatory fluid flow (1 Pa at 1 Hz) for 2 hours led to increased
osteocalcin and osteopontin mRNA expression, ALP activity decreased and no change in
type I collagen mRNA expression was seen under this stimulus [4]. Further investigation
and additional evidence may be needed to confirm that applied shear stress results in
increased osteogenic differentiation and determine the cellular signaling mechanisms
involved in fluid flow mechanotransduction.

Separation of Fluid Flow-Induced Shear Stress and Chemotransport
Despite the abundant data that studies have provided by examining the responses
of bone cells to fluid flow, it is often difficult to separate the effects of shear stress and
mass transport changes. To answer this question, human fetal osteoblastic cells in a
parallel plate flow chamber were exposed to a constant, pulsatile, or oscillatory flow with
the same peak shear stress (Figure 1.7) by moving fluid with a controlled
electromechanical Hamilton syringe [63]. Out of the three groups, the osteoblasts
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exposed to pulsatile flow exhibited the highest increase in intracellular calcium, while
those exposed to oscillatory flow exhibited the lowest [63]. Because each fluid flow
profile exposed the cells to the same peak shear stress, but the oscillatory flow did not
cause a net movement of fluid, it was inferred that chemotransport elicited a greater cell
response than shear stress [63]. Other studies have attempted to decoupled
chemotransport effects from shear stress by altering the viscosity of the perfusion media
with supplements such as dextran, and also demonstrated that chemotransport was a key
to the response of bone cells to fluid flow [41, 68]. However, it can be also argued that
shear stress may trigger cell responses, which may be counterbalanced by the effects of
reduced nutrients due to decreased chemotransport. Overall, it remains a challenge to
separate the effects of a change in shear stress from the effects of a change in nutrient
transport with the application of fluid flow as a mechanical stimulant. Yet based on the
results summarized, the application of fluid flow induced shear stress simulating in vivo
conditions (0-3 Pa [40, 41]) is a relevant stimulus to cause cellular responses that may be
part of a tissue response to mechanical loading.
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Figure 1.7: Three fluid flow profiles were applied to osteoblastic cells. Two dynamic
flows were used (pulsatile and oscillatory), but oscillatory had no net fluid transport [63].

Effects of Hydrostatic Pressure on Bone Cell Function
Although growing evidence supports that interstitial fluid flow is an important
mechanical stimulus for cells within bone, it may be worth examining the effects of
pressure on bone cells since it is the driving force for the movement of fluid through
channels. On average, the pressure gradient within the human body is approximately 20
kPa between the feet and head [69]. Moreover, daily locomotion such as moving from a
supine to an upright position causes added pressurization of the fluid space in the loadbearing bones (e.g., femur, tibia), creating a pressure gradient between the medulla and
cortex [40, 70]. Therefore, the cells inside the marrow and in the lacunae located near the
medullar canal must experience significant levels of pressure under skeletal loading.
Even during non-mobility, hydrostatic pressure constantly exists around bone cells and is
greater on the lower extremities compared with the head due to the gravity that pulls
fluids toward the ground [71]. Although it is a ubiquitous quantity throughout the body,

22

since hydrostatic pressure likely does not cause a physical deformation of the cell, it is
less understood and less frequently studied in mechanobiology, compared to other stimuli
[69]. Specific responses of bone cells in response to applied hydrostatic pressure, as
outlined below, have included changes in osteoblast markers [5, 72], changes in
transcription factor (Runx2, Osx) expression [73], and release of signaling molecules
(OPG, RANKL, ATP) [42, 74].

Effects of Hydrostatic Pressure on Osteoblasts
Studies that used primary cultures of osteoblasts provided evidence that the
application of hydrostatic pressure to these cells resulted in a stimulatory effect on cell
functions pertinent to bone formation. Specifically, the application of cyclic pressure
(10-40 kPa at 1 Hz) to rat calvarial osteoblasts resulted in decreased cell proliferation,
and increased alkaline phosphatase activity, collagen synthesis, and calcium content
when compared to the no-pressure control [5, 72]. These results were in agreement with
other reports of increased osteoblast marker expression in cells exposed to cyclic
pressure. Both mouse osteoblast-like cells (MC3T3-E1) and primary osteoblasts exposed
to cyclic pressure (0-13 kPa at 0.3 Hz) continuously for up to eight days exhibited an
increase in osteopontin [75] and type I collagen [76] mRNA levels compared to the static
control. Furthermore, a decrease in ALP activity over time seen with unloaded mouse
osteoblast cultures was slowed with cyclic pressure (0-13 kPa at 0.3 Hz) exposure for
seven days [76]. However, the application of a sustained pressure (300 kPa) for 15 days
resulted in decreased ALP activity compared to 1 atm (101 kPa) controls in a culture of
mouse osteoblast-like cells [77]. These results suggest that osteoblast response to
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pressure is sensitive to the magnitude and/or the mode of application (e.g., sustained vs.
cyclic pressure). Further investigation, however, is needed to determine the threshold
magnitude, frequency, and duration of pressure that are most effective in stimulating
osteoblast activity.
In addition to the osteoblast phenotypic response to applied hydrostatic pressure,
studies have looked into potential pathways of pressure mechanotransduction for
osteoblasts. Gardinier et al. reported that within five minutes of exposure to cyclic
pressure (0-68 kPa at 0.5 Hz up to 1 hour), the amount of ATP released from mouse
osteoblast-like cells was significantly increased compared to unloaded controls [42].
Additionally, hydrolyzing extracellular ATP prevented the reorganization of actin stress
fibers in osteoblasts exposed to hydrostatic pressure for one hour [42]. These results
suggest that ATP release may be an important signaling molecule that leads to
cytoskeletal reorganization in response to the cyclic pressure used in this study. Another
mediator proposed to be involved in the osteoblast response is calcium. Rat calvarial
bone cells exposed to pressure (up to 17.2, 34.5, or 69 kPa at 1 Hz) for ten seconds
resulted in increased cytosolic calcium levels that were dependent on the pressure
magnitude [78]. The increase in calcium was blocked at fifteen seconds when neomycin
(10 mM) was added to the culture medium, which is an inhibitor of the inositol phosphate
cascade [78]. Together, these results indicate that the application of pressure on
osteoblasts at these magnitudes leads to an increase in cytosolic calcium that is likely
mediated by activation of the inositol phosphate pathway [78]. Overall, these studies
have shown osteoblasts to be responsive to applied hydrostatic pressure, but it is still
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unclear whether osteoblast activity and other signaling pathways (ATP, Ca2+) are
stimulated by specific pressure magnitudes and durations.

Effects of Hydrostatic Pressure on Bone Cell Co-cultures
To test the hypothesis that osteocytes are the mechanosensors that communicate
the signals to osteoblasts, co-cultures of these cells are employed and bone anabolism
(cellular responses related to bone formation) was demonstrated in bovine osteoblasts and
osteocytes seeded on devitalized bone cores [79]. Osteoid formation was significantly
increased when co-cultures were exposed to cyclic hydrostatic pressure (0-3 MPa at 0.33
Hz for 1 hour daily, up to 21 days) [79]. Similar to the findings in studies that examined
the effects of fluid flow on osteocytes [57], these results suggest that the application of
pressure on osteocytes may lead to the release of soluble factors by these cells that
stimulate osteoblast bone formation activity [79]. The effects of cyclic pressure on the
communication between osteoblasts and osteoclasts are also important to investigate
because the activity of these cells is tightly linked during normal bone remodeling. In a
culture of osteoclast precursors and osteoblasts isolated from human donors, the
OPG:sRANKL protein expression ratio increased in response to cyclic pressure (0-34.5
kPa at 0.5 Hz for 1 hour for 4 days) [74]. However, this result was highly dependent on
the age of the donor, as cells from younger patients presented the opposite trend [74].
Thus, while applied pressure may be an anabolic stimulus, it is likely that age-related
changes within the bone, while not fully understood, have a significant effect on the
response of osteoblasts, BMSCs, and other bone cells, to applied stimuli. However,
further investigation of bone cells from different aged donors is required to determine if

25

the age-dependent response is specific to osteoblast-osteoclast interactions, or is a result
of the cell culture conditions used in this particular study and does not reflect in vivo
behavior.

Effects of Hydrostatic Pressure on BMSCs
More recent studies focus on the role that pressure may play in the differentiation
of bone marrow stem cells into osteoclasts, osteoblasts, and other cell lineages. Since
BMSCs are constantly exposed to an increase in the medullary pressure when bone is
loaded, it is possible that mechanical adaptation of bone may be governed by stem cell
differentiation in response to pressure. Several in vitro studies have found that the
application of static (100 or 200 kPa up to 7 days) and dynamic (10-40 kPa at 1 Hz for 1
hour up to 7 days) pressure to rat or mouse bone marrow cell cultures led to a decrease in
the number of TRAP positive, osteoclastic cells after five and seven days of pressure
application [80, 81]. This response was highly dependent on the time point of
application, with pressure exposure after five to seven days of unloaded culture resulting
in no significant difference in TRAP staining compared with unloaded controls. A more
recent study however, presented conflicting results; when a co-culture of rat MSCs and
mouse osteoclast-like cells were exposed to static (23 kPa) or dynamic (10-36 kPa at 0.25
Hz) pressure for one hour daily up to five days, an increase in the number of TRAPpositive cells was observed [82]. These discrepancies could be due to the difference in
loading frequency (1 Hz vs. 0.25 Hz) or the addition of a macrophage cell line in the
culture rather than BMSCs alone.
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Despite the conflicting results, hydrostatic pressure has been explored as a
stimulus for bone formation through MSC differentiation. For example, human bone
marrow cells cultured on degradeable scaffolds for five days were exposed to cyclic
pressure (300-375 kPa at 0.5 Hz for 1 minute every 15 minutes) on the sixth day for eight
hours [83]. The cells exposed to pressure exhibited significantly higher ALP expression
compared to cells exposed to no hydrostatic pressure, indicating enhanced differentiation
into osteoblasts [83]. Moreover, mRNA expression for transcription factors Runx2 and
Osx that are early indicators of marrow stem cell differentiation into osteoblasts also
increased in rat MSCs exposed to elevated hydrostatic pressure (23 kPa or 10-36 kPa at
0.25 Hz for 1 hour daily up to 5 days) in a controlled pressure system [73].
One of the potential mechanisms proposed for the pressure-induced osteoblast
differentiation from MSCs is the extracellular-signal-regulated kinases (ERK) pathway.
Both a static (23 kPa) and cyclic (10-36 kPa at 0.25 Hz) pressure applied to rat MSC
cultures for one hour daily up to five days triggered a significant increase in ERK
activation on days one, three, and five while inhibition of ERK activation with 10 μM
PD98059 (Sigma) resulted in a decrease in ALP activity and Runx2 expression by MSCs
exposed to pressure [73]. However, increased osteoblast markers due to pressure were
not completely eliminated with the ERK inhibitor, suggesting that ERK activation may
be involved, but may not be the only pathway to stimulate MSC differentiation in
response to mechanical stimuli [73].

Theories for Mechanotransduction of Hydrostatic Pressure by Bone Cells
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Because pressure at physiologic levels (up to 2 MPa) [42, 43] is unlikely to cause
discernible deformation of bone cells, the current view is that hydrostatic pressure
mechanotransduction does not involve conventional pathways such as activation of
SACs. Rather, it is theorized that applied hydrostatic pressure causes a change in the
organization of the cytoskeleton [42, 69], due in part to a change in entropy. Myers et al.
hypothesized that the cytoskeleton is one of the cellular structures that play a potential
role in sensing a change in external pressure [69]. These authors suggested that, based on
the first law of thermodynamics, at a constant temperature and volume, a pressure
increase would increase the entropy, or disorder of the system. This increase in entropy
would result in a disruption of the cell’s native cytoskeletal organization and lead to the
release of various proteins that are normally bound to the cytoskeleton monomers [69].
While complete depolymerization of the cytoskeleton was not observed, exposure of cells
to elevated pressure has been shown to induce a change in cytoskeletal elements,
supporting this theory. Specifically, using fluorescence microscopy, a study found that
mouse osteoblast-like cells exposed to hydrostatic pressure (0-68 kPa at 0.5 Hz) for one
hour exhibited increased f-actin staining and alignment, as well as increased microtubule
staining [42].
A change in the cytoskeletal elements of a cell are hypothesized as a key
component in the mechanotransduction pathway of bone, and other, cells, in response to a
mechanical load, as well as changes in the integrins and focal adhesions connected to the
cytoskeleton [84]. Focal adhesion complexes consist of clustered integrins and multiple
proteins that bind to actin filaments of the cytoskeleton (Figure 1.8) [84, 85]. The direct
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connection between the extracellular matrix and cell cytoskeleton suggest that these
adhesive sites, and associated proteins, may play a key role in the mechanotransduction
of mechanical stresses, such as hydrostatic pressure [84]. For example, human MSCs
seeded on hydroxyapatite scaffolds had increased mRNA expression of the integrin
subunit β5 with the application of cyclic pressure (0-0.5 MPa at 0.5 Hz) for up to 3 weeks
[86]. While these results provide important data to advance our understanding of
pressure mechanotransduction, further investigation is needed to determine the
mechanisms of how the application of pressure leads to enhanced osteogenic responses in
both osteoblasts and MSCs.

Figure 1.8: Focal adhesive complexes formed in the anchoring of cells to a matrix
[84]. Clusters of integrins assemble, connecting the extracellular matrix (ECM) and
cytoskeleton through associated actin-binding proteins (e.g. paxillin, talin, vinculin, αactinin).
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Summary
In summary, both strain and fluid flow experiments in vitro have shown several
limitations and have been unable to fully explain the physiological behavior of bone
tissue under mechanical loading. The site specificity of greater bone loss in the weight
bearing regions and higher interstitial pressure in normal ambulation compared with
disuse [71] strongly suggests that hydrostatic pressure plays an important role in bone
homeostasis. Further investigation of hydrostatic pressure may provide information that
better completes the bone cell mechanobiology picture.

1.5 Use of Hydrogels In Vitro
Current bone cell mechanobiology investigations have focused on various bone
cells’ responses to applied stimuli in 2D culture, as previously described. While these
studies have demonstrated cells such as osteoblasts and MSCs do respond to mechanical
stimuli under certain parameters, it is unclear if the resulting responses are comparable in
vivo. Therefore, various scaffold materials such as hydroxyapatite [86], trabecular bone
cores [79], titanium mesh [87], and hydrogels [88] have been used for the investigation of
bone cell mechanobiology in 3D environments.
A hydrogel is a hydrophilic network of polymer chains that swells with water [8890]. Current studies of hydrogels are performed for use in a wide variety of applications
including drug delivery, cell encapsulation, and tissue engineering [88, 90]. These
polymers are characterized as synthetic or natural hydrogels, although more recently
hybrid materials have been developed to combine the properties of both categories [88,
91].
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Synthetic Hydrogels
Synthetic hydrogels have been well studied and have been shown to be successful
in multiple biomedical applications. Because these polymers are completely synthetic,
users have greater control over their structure and associated properties such as
degradation and mechanical strength [88]. Commonly used synthetic hydrogels include
poly(ethylene glycol) (PEG), poly(hydroxyethyl methacrylate) (polyHEMA), and
poly(vinyl alcohol) (PVA). PEG is FDA-approved for use in several medical
applications and is often used as a coating on material surfaces to reduce protein
adsorption [88]. PolyHEMA has been used for contact lenses and PVA is being
researched for tissue engineering applications [91]. While these polymers offer
mechanical strength and greater control over their structure, often times the hydrogels
require extensive purification to remove the residues of toxic chemicals used during
synthesis [91]. Additionally, due to the synthetic nature of the hydrogels they are often
unable to break down in the body and are unable to interact with cells [91]. However,
cell-adhesive sites have been shown to influence both cell behavior and viability [89] and
therefore may be integral in the use of hydrogels in in vitro mechanobiology studies.

Natural Hydrogels
Natural hydrogels, as their name suggests, are derived from naturally occurring
polymers and therefore are often bioactive and promote cell adhesion [89, 91]. However,
there is often batch to batch variability in natural hydrogel production and they are often
weak in mechanical strength [90]. Nonetheless, the biocompatibility and natural
degradation of these polymers make them popular hydrogel materials. Collagen, the
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main protein of extracellular matrices, is a natural hydrogel commonly used as a scaffold
for cell growth and attachment [91]. Other mammalian derived natural polymers include
hyaluronate, a glycosaminoglycan, and fibrin, a protein prevalent in would healing. The
natural hydrogels also include several polymers derived from marine species. Chitosan,
derived from crustaceans, has been used for drug delivery and tissue engineering research
[91]. Alginate is obtained from brown seaweed and is also frequently used in drug
delivery applications.

Alginate
Alginate is a polymer network comprised of blocks of (1,4) linked β-D
mannuronic acid (M) and α-L guluronic acid (G) residues (Figure 1.9) [92]. An alginate
hydrogel is formed by the addition of divalent cations that crosslink carboxyl groups of
adjacent G blocks [92]. The characteristics of the formed hydrogel can vary depending
on the alginate source [92]. Specifically, molecular weight (MW) and the G/M ratio
significantly influence the final mechanical properties. The MW of alginate affects the
polymer chain entanglements within the crosslinked hydrogel [92] and a high G/M
content results in increased hydrogel stiffness due to a higher number of crosslinked
alginate blocks [93].
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Figure 1.9: Monomer structures of the alginate polysaccharide. Mannuronic acid
(M) and guluronic acid (G) are covalently linked in various arrangements within the
polymer structure [92].

Alginate hydrogels have been utilized in drug delivery applications [92] and in the
transplantation of pancreatic islets in diabetes treatments [93]. In addition, the use of
alginate hydrogels as a scaffold in in vitro culture has increased. Although alginate is
naturally derived, mammalian cells do not present receptors for any domains of alginate,
preventing their adhesion to the polymer. Therefore alginate is often modified with an
adhesive protein (e.g., collagen, laminin) or, more commonly, a peptide sequence
(arginine-glycine-aspartic acid (RGD)) to facilitate cell adhesion [92]. The RGD peptide
is covalently linked via a peptide bond between the amine group of the peptide sequence
and the carboxyl group of alginate using carbodiimide chemistry (Figure 1.10) [92, 94].
To date, however, some debate still exists as to the necessity for alginate modification
and its effects on cell behavior.
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Figure 1.10: Alginate structure modified with a GRGDY peptide [94].
For instance, alginate has a history of use as a scaffold for chondrocyte culture
[95]. The majority of these studies do not use alginate modification however, and have
demonstrated that chondrocytes still retain their phenotype during culture [95, 96]. One
study even suggested that the addition of the RGD adhesive sequence results in an
inhibition of chondrogenesis of bone marrow stromal cells [97]. Yet other studies have
suggested that the RGD peptide enhances chondrogenesis [98, 99].
In the culture of bone marrow derived stem cells, both unmodified and RGDmodified alginate supported similar cell viability up to 28 days [100, 101]. Some studies
have suggested that the response may be species dependent, such that rat bone marrow
stromal cells, do not require alginate modification to promote cell attachment while
human marrow cells do [102, 103]. It is clear that further investigation is needed to help
elucidate the role peptide modification of alginate plays in both cell viability and stem
cell differentiation.

34

CHAPTER TWO
RATIONALE AND SPECIFIC AIMS

2.1 Rationale
Alterations in the mechanical loading on the skeleton in humans and animals is
known to influence bone mass, specifically in the weight bearing regions [28]. Within
the femur and spine, the application of a load has been shown to cause an increase in
pressure within the marrow space [9], where the mesenchymal stem cells (MSCs) reside.
Although a number of in vitro studies have demonstrated that the application of pressure
on bone marrow cells influences osteoblast and osteoclast differentiation and activity [9],
the results have been conflicting between reports. For example, exposure of human
MSCs to cyclic pressure (0-0.5 MPa at 0.5 Hz) led to an increase in mRNA expression of
osteogenic markers (i.e. osteonectin, type I collagen) in one study [86], but led to a
decrease in type I collagen production in mice osteoprogenitor cells in another (0-13 kPa
at 0.3 Hz) [76]. Most of these studies used 2D cultures and few studies have examined
the effects of pressure on MSCs in a 3D scaffold, which may better simulate in vivo bone
marrow conditions. The goal of this research is to address these discrepancies and
investigate the effects of varying an applied pressure frequency on the osteogenic
response of MSCs within a 3D culture.

2.2 Specific Aims
In pursuit of our research goals, mouse MSCs were encapsulated within
microbeads of alginate modified with the arginine-glycine-aspartic acid (RGD) peptide
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and exposed to cyclic pressure at different frequencies using a custom setup. At the end
of prescribed time periods, cell number and differentiation were assessed by quantifying
total DNA, alkaline phosphatase (ALP) activity, and mRNA expression for osteogenic
markers via reverse transcription-polymerase chain reaction (RT-PCR). In addition to
various pressure parameters, we examined the effects of the matrix stiffness, as well as
the cell seeding density on osteogenic differentiation of MSCs in our 3D culture. The
present dissertation research is divided into the following three aims:
1. Characterize mesenchymal stem cells cultured in a 3D alginate system modified
with the RGD adhesive peptide sequence.
2. Evaluate the effects of matrix stiffness and cell seeding density on the osteogenic
differentiation of MSCs in 3D alginate bead cultures.
3. Evaluate the effects of hydrostatic pressure application under varying frequencies
on the osteogenic differentiation of MSCs.
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CHAPTER THREE
THE PROMOTION OF CELL SURVIVAL AND OSTEOGENIC
DIFFERENTIATION WITH THE RGD-MODIFICATION OF ALGINATE

3.1 Introduction
Recently, the use of hydrogel scaffolds for encapsulation of cells has increased
tremendously, especially within tissue engineering research [91]. These polymers can be
generally divided into two categories, synthetic and naturally derived polymers, and act
as a temporary extracellular matrix (ECM) to immobilize transplanted cells [91].
Synthetic polymers such as poly(ethylene oxide) (PEO) and poly(2-hydroxyethyl
methacrylate) (polyHEMA) offer tunable mechanical properties, but often contain residue
toxins used during synthesis [91]. Naturally derived polymers including chitosan and
alginate on the other hand, are usually biocompatible and have low toxicity [91].
However, the use of natural polymers for cell transplantation can still require additional
development to ensure cell survival and modulate cell behavior [104, 105].
Derived from brown algae, alginate is a linear unbranched copolymer that has
been widely used as a cell culture substrate due to its ability to form a hydrogel in the
presence of divalent cations (e.g., calcium) [92, 95]. While most frequently used to
encapsulate chondrocytes and pancreatic islets for cell delivery and disease treatment [93,
103], alginate has garnered more attention in tissue engineering research including in
vitro work with stem cells [91, 103, 106]. One of the problems with alginate in cell
cultures is that stem cells do not readily adhere to the hydrogel due to the lack of a
specific receptor for alginate and the material’s low affinity for protein adsorption [92,
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107]. Cell anchorage to a substrate via integrins is critical to the survival and function of
most cell types [94, 108] and is one of the requirements for characterizing a
mesenchymal stem cell (MSC), according to the International Society for Cellular
Therapy [109]. Therefore, alginate is often combined with a cell adhesive protein (e.g.
collagen, fibronectin) or chemically modified to graft an adhesive peptide sequence, most
commonly arginine-glycine-aspartic acid (RGD) and its derivatives [92].
For its affinity with several integrins on the cell membrane, the RGD peptide,
normally present in a number of ECM proteins such as fibronectin and collagen [110,
111], has been used to modify various biomaterial surfaces (e.g. polyethylene glycol
(PEG), polycaprolacton (PCL)) [112-114]. Previous studies have demonstrated that
MSCs cultured in RGD-modified alginate differentiated along osteogenic, chondrogenic,
and cardiac lineages depending on the scaffold and media conditions [98, 110, 115].
However, the necessity for modifying alginate with an adhesive peptide sequence for
survival and differentiation of the cells encapsulated are still debatable. For instance, the
results of several studies demonstrated high cell viability and osteogenic marker
expression for bone marrow cells encapsulated within alginate without RGDmodification [101, 116-118]. Moreover, mouse pre-osteoblasts remained viable in both
unmodified and RGD-modified alginate culture up to 24 days [108]. It has been
suggested that the cellular response may be species dependent. While human marrowderived cells required alginate modification to attach to the hydrogel surface, rat bone
marrow-derived stromal cells adhered without alginate modification [102, 103]. Overall,
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it is still unclear whether the RGD peptide is a strict requirement for MSC viability and
differentiation when encapsulated within an alginate scaffold.
The objective of this study was to determine the effects of RGD modification of
an alginate matrix on the viability and osteogenic differentiation of mouse MSCs in a 3D
environment. To accomplish this goal mouse MSCs were encapsulated within
unmodified or RGD-modified alginate microbeads in osteogenic media for up to 28 days.
A Live/Dead assay was performed to assess cellular viability and cell lysates and mRNA
were analyzed to quantify the expression of several osteogenic markers. Additionally,
immunostaining and histochemical staining were used to characterize MSC morphology
and osteogenic differentiation within the alginate matrices.

3.2 Materials and Methods
Cell Culture
Mouse (C57BL/6) mesenchymal stem cells were purchased from Invitrogen and
cultured in basal medium (αMEM supplemented with 10% MSC-certified fetal bovine
serum (FBS), and 1% anti-biotic/anti-mycotic; Invitrogen, Carlsbad, CA) under standard
cell culture conditions (sterile, humidified, 37°C, 5% CO2/95% air environment)
according to the vendor’s instructions (Invitrogen, Carlsbad, CA). Cells passaged 8 times
or less were used in experiments.

RGD Peptide Modification of Alginate
Manugel GHB-sodium alginate (FMC Biopolymer, Philadelphia, PA) was
modified with the GRGDS peptide sequence (Bachem, Torrance, CA) following
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published methods [94]. Briefly, alginate was covalently linked with the peptide (1 g: 10
mg) using carbodiimide chemistry and purified by dialysis (MWCO = 12,000 kDa) for 2
days in double distilled water. The product was then lyophilized and stored at room
temperature. Solutions of RGD-modified and ummodified alginates were sterilized by
filtration (0.45 μm pore size) prior to use in cell culture experiments.

Slab Gel Cell Culture
Unmodified or RGD-modified alginate (1.85% (w/v)) slab gels were cast between
two glass plates with a 1.5 mm spacer and incubated with 100 mM CaCl2 to crosslink
overnight. MSCs (12,250 cells) labeled with CellTracker Red (Invitrogen) in serum-free
αMEM were seeded on top of the gels (0.7 cm x 0.7 cm) and incubated under standard
cell culture conditions for 2 hours. Gels were then rinsed with PBS to remove
nonadherent cells and either imaged immediately using fluorescence microscopy (Nikon
Eclipse TE 2000-S, Nikon, Melville, NY) or incubated in basal medium for an additional
22 hours before imaging.

Alginate Bead Culture
MSCs were suspended in 1.85% (w/v) unmodified or RGD-modified alginate
(10×106 cells/mL) and cell-encapsulating beads were formed dropwise in 100 mM CaCl2
at 6 mL/h and 5.8-6.3 kV using an electrostatic bead generator (Nisco, Zurich,
Switzerland). After 10 min, the beads were transferred into cell strainers (100 μm pore
size) in 6-well plates (Figure 3.1) and cultured in basal medium under standard cell
culture conditions. On the third day of culture the medium was switched to osteogenic
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medium, that is, basal medium supplemented with 50 μM ascorbic acid, 10 mM βglycerophosphate, and 10 nM dexamethasone. Cells were cultured in osteogenic medium
for up to 28 days and the medium was changed every 1-2 days.

Figure 3.1: Bead cell culture set-up. Cell encapsulating beads were divided amongst
cell strainers (100 μm pore size) that were placed into each well of a 6-well plate.

Bead Size Measurement
The bead diameter was measured by imaging acellular beads using a phase
contrast microscope (Nikon Eclipse TE 2000-S) before and after incubation in cell
culture media and analyzing the images with a custom Matlab script (Appendix A).
Average diameter and size distribution of 140 beads from each group are reported.

Assessment of Cell Viability
The viability of MSCs was qualitatively assessed using a Live/Dead assay kit
(Life Technologies, Carlsbad, CA) and fluorescence microscopy at days 0, 3, 7, 14, 21,
and 28. Briefly, the culture medium was removed and the MSC-encapsulated alginate
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beads were rinsed with PBS before the ethidium homodimer-1 (4μM) and calcein AM
(2μM) dye mixture was added. Beads were incubated in the dye for 5 min before
visualization under fluorescence microscopy (Nikon Eclipse TE 2000-S).

Quantification of Cell Proliferation
The number of cells per bead was determined using the CyQUANT assay kit and
following the manufacturer’s instructions (Life Technologies, Carlsbad, CA) on days 0,
3, 7, 14, 21, and 28. Briefly, between 5-15 alginate beads were dissolved in 55 mM
sodium citrate for 5 min and cells were pelleted by centrifugation. Cell pellets were lysed
and mixed with the dye for fluorescence measurements using a BioTek microplate reader
(Synergy 4). The cell number was determined using a standard curve prepared at the
time of assay and data are reported as the number of cells per bead for each time point.

Visualization of Cells on Well Plate Surface
After 28 days of culture, the tissue culture well plate surface and cell strainer
mesh used to contain the cell-encapsulating alginate beads were examined for the
presence of cells. The surfaces were rinsed with PBS and fixed with 2%
paraformaldehyde for 15 min. Cells were permeabilized in 0.1% Triton X-100 for 1 min
and incubated with Rhodamine-phalloidin (1:100) for 15 min. Cells were counterstained
with DAPI before visualization under fluorescence microscopy (Nikon Eclipse TE 2000S).
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Assessment of Cell Morphology
The histological sections of cells encapsulated within unmodified and RGDmodified alginate beads were prepared using the histological techniques established in
our laboratory [119]. Briefly, at the end of prescribed time periods, beads were incubated
in 100 mM barium chloride for 30 min and fixed briefly in 10% neutral buffered
formalin. The fixed beads were embedded in glycol methacrylate (Technovit 7100
GMA, Electron Microscopy Sciences, Hatfield, PA) and sectioned for H&E staining to
examine cell morphology and for Alizarin red staining to investigate the presence of
calcium deposits. Images of the cells were taken using a Martin microscope (BA410,
Martin Microscope, Easley, SC).

Immunostaining for Vinculin
Vinculin expression by MSCs encapsulated in the alginate bead culture was
examined using immunostaining. After 1 and 2 days of culture in basal medium, cell
encapsulating unmodified and RGD-modified alginate beads were rinsed with PBS and
incubated in 100 mM barium chloride for 30 min before fixing in 4% paraformaldehyde
for 15 min. Cells were permeabilized with 0.2% Tween 20, incubated with the mouse
monoclonal primary antibody for vinculin (1:100 dilution, Abcam, Cambridge, MA), and
labeled with Alexa Fluor 488 goat anti-mouse secondary antibody (1:500 dilution,
Invitrogen) for 2 h. Cell nuclei were visualized using a DAPI counterstain. The beads
were visualized under confocal microscopy (Olympus BIOMFP) and imaged using the
MetaMorph software.
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RT-PCR for Osteogenic Marker mRNA
Expression of select genes in encapsulated cells was analyzed using reversetranscription quantitative polymerase chain reaction (RT-qPCR) on days 3, 7, and 14.
More specifically, beads were dissolved in 55 mM sodium citrate for 5 min and cells
were pelleted by centrifugation. Total RNA was extracted from each cell pellet using the
RNeasy Mini Kit (Qiagen, Valencia, CA) and 450 ng of each sample was reverse
transcribed using the RETROscript first strand synthesis kit (Life Technologies). The
cDNA strands were amplified using the Rotogene 3000 thermocycler (Qiagen, Valencia,
CA) and SYBR green PCR kit (Qiagen) with primers specific for runt-related
transcription factor 2 (Runx2), alkaline phosphatase, type I collagen, CD90, and CD105
(Table 3.1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
housekeeping gene. PCR amplification was carried out for 35 cycles at 94°C (15 s),
58°C (25 s), and 72°C (20 s). Gene levels were analyzed using the ΔΔCt method and
compared to the gene expression of mouse MSCs cultured briefly in monolayer without
osteogenic supplements.
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Table 3.1: Custom designed primer sequences
Gene
Runx2
Alkaline phosphatase
Type I collagen
CD90
CD105
GAPDH

Sequence (5’-3’)
F: GTCGAATGAAGTCGCTGTCC
R: TTGGCCCTGCCTAATGAAAG
F: GACAGCAAGCCCAAGAGACC
R: GAGACGCCCATACCATCTCC
F: AAGGGTCATCGTGGCTTCTC
R: ACCGTTGAGTCCGTCTTTGC
F: AGAGCCTTCGTCTGGACTGC
R: GAGCGGTATGTGTGCTCAGG
F: AGCTGACTCTCCAGGCATCC
R: GGCTGGAATTGTAGGCCAAG
F: CTCCCACTCTTCCACCTTCG
R: ACCACCCTGTTGCTGTAGCC

Quantification of Alkaline Phosphatase Activity
Cell lysates were collected from MSCs encapsulated in unmodified and RGDmodified alginate beads using a tissue homogenizer (Omni International, Kennesaw, GA)
and RIPA buffer at days 3, 7, and 14. Alkaline phosphatase (ALP) activity was then
determined using a p-nitrophenol assay [120]. Briefly, cell lysates were mixed with a pnitrophenolphosphate solution and incubated at 37°C for 30 min. Absorbance
measurements were taken at 405 nm using a BioTek microplate reader (Synergy 4) and
ALP activity determined using a p-nitrophenol standard. ALP activity was normalized to
total sample protein concentrations determined using a Bradford protein assay (Bio-Rad,
Hercules, CA). Fold-change in ALP activity was determined by normalizing specific
enzyme activity to activity at day 3 for the unmodified alginate group.
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Statistical Analysis
Each experiment was repeated at least three times with different batches of cells
(n ≥ 3). All numerical data were analyzed statistically via the Student t-test for
comparison of two groups and single-factor analysis of variance (ANOVA) for
comparison of more than two groups using GraphPad software (GraphPad Software,
Inc., La Jolla, CA). When statistical significance was detected Tukey’s test was used for
post-hoc analysis of the data. P-values less than 0.05 were considered statistically
significant.

3.3 Results
Bead Diameter Distribution
Digital image analysis revealed that average diameters of alginate beads were
367±74 μm and 456±85 μm, initially and after 1 day, respectively (Figure 3.2). From
these results the median alginate bead diameter was shown to increase by approximately
18% after 1 day.
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Figure 3.2: Distribution of alginate bead diameters. Acellular alginate bead
diameters were measured after initial formation and after soaking in αMEM for one day
using phase contrast microscopy and a custom Matlab script. Median alginate bead
diameter increased by approximately 18% after 1 day in media.

MSC Adhesion on Surface of RGD-Modified Alginate Gels
Little to no cell attachment was observed on the surface of unmodified alginate
gels after 2 h or 24 h of incubation (Figure 3.3B and C). In contrast, a large number of
cells were observed on the surface of the RGD-modified gels, after 2 h and 24 h (Figure
3.3D and E). The cells on the RGD-modified gels exhibited a more spread morphology
compared to MSCs on the unmodified alginate gels (Figure 3.3F and G).
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Figure 3.3: Adhesion of mouse MSCs to unmodified and RGD-modified alginate gel
surface. CellTracker Red-labeled mouse MSCs were cultured on the surface of
unmodified or RGD-modified alginate slab gels. Cells were labeled using CellTracker
Red and imaged under fluorescence microscopy (A) immediately after seeding, (B & D)
after 2 h of incubation and PBS rinse, or (C & E-G) after 24 h of incubation and PBS
rinse. Few cells were observed on the (B & C) unmodified slab gels while a higher
number of MSCs were observed on the (D & E) RGD-modified gels. Additionally, cell
spreading (arrows) was present on (G) RGD-modified gels at 24 h, but not on the (F)
unmodified gels. Scale bar = 100 μm.

MSC Viability and Cell Proliferation in Alginate Beads
The MSCs maintained high viability (~90-95%), which was similar in unmodified
and RGD-modified alginate beads at each time point up to 28 days (Figure 3.4). The
number of cells per bead was similar when compared between unmodified and modified
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groups over 28 days (Figure 3.5). However, after 14 days, cell numbers in both groups
exhibited a decreasing trend over time. In the unmodified alginate condition there was a
significant decrease in cell number per bead at both days 21 and 28, while in the modified
condition this decrease was only significant at day 28. Examination of the cell strainer
mesh and well plate surface demonstrated the presence of MSCs on both surfaces after 28
days of culture (Figure 3.6).

Figure 3.4: Cell viability within unmodified and RGD-modified alginate beads.
Alginate beads were stained briefly using a Live/Dead kit and imaged under fluorescence
microscopy. There was a high percentage of viable cells at each time point, with no
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qualitative difference between the unmodified and RGD-modified groups. Scale bar =
100 μm.

Figure 3.5: Cell proliferation within alginate scaffolds. The CyQuant assay was
performed on cell lysates and normalized to number of beads. The number of cells
encapsulated in unmodified and RGD-modified groups was similar at all time points.
Beyond 14 days there was a decreasing trend in cell number over time, but the cell
number per bead was only significantly lower after day 21. Data are mean ±SD; *p <
0.05 compared to day 0, #p < 0.05 compared to day 0 & 3, @p < 0.05 compared to day 0,
3, & 7, analyzed by Student t-test, ANOVA and Tukey’s test; n ≥ 3 experiments.
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Figure 3.6: Cell attachment to culture surfaces external to alginate beads.
Rhodamine phalloidin (actin filaments, red) and DAPI (cell nuclei, blue) stain revealed
cells present on the well plate surface and cell strainer mesh used to contain the cell
encapsulating alginate beads at day 28. Scale bar = 100 μm.

MSC Morphology in Alginate Scaffolds
Histological analysis of the cell encapsulating beads demonstrated similar cell
morphology in unmodified and modified alginate beads at days 3, 7, and 14 (Figure 3.7).
Higher magnification images of the histological sections revealed that MSCs in both
unmodified and modified alginate beads exhibited a round shape with extensions from
the cell body towards the wall of the lacunae they resided in (Figure 3.7 inset).
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Figure 3.7: Cell morphology within alginate scaffolds. GMA sections of fixed
unmodified and modified cell encapsulating beads were stained using H&E. Cell
distribution and morphology were similar between the culture conditions and time points.
Inset depicts close-up of an encapsulated cell with extensions toward the alginate lacunae
(arrows). Scale bar = 100 μm.

Vinculin Expression in Alginate Scaffolds
Immunostaining and fluorescence microscopy revealed that after 1 day of culture
in basal medium the expression of focal adhesion protein vinculin was present in MSCs
encapsulated in RGD-modified alginate (Figure 3.8C) but absent in MSCs suspended in
unmodified alginate (Figure 3.8A). After 2 days, cells under both conditions expressed
vinculin although the number of cells expressing vinculin was higher in RGD-modified
alginate compared to the unmodified alginate (Figure 3.8B & D).
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Figure 3.8: Expression of cell adhesive protein vinculin. Cell encapsulating
unmodified and RGD-modified alginate beads were immunostained for the presence of
vinculin (green) after 1 (A & C) or 2 days (B & D). Cells encapsulated within
unmodified alginate beads (A & B) did not express the vinculin cell adhesive marker
until after 2 days of culture. However, cells within RGD-modified alginate beads (C &
D) expressed vinculin at both times points and with higher intensity. Inset depicts
negative control. Scale bar = 100 μm.

Osteogenic Marker Expression of MSCs in Alginate Scaffolds
MSCs cultured in unmodified and RGD-modified alginate beads both exhibited a
decreasing trend over time in the expression of the osteogenic markers analyzed in the
present study (Figure 3.9). More specifically, the mRNA expression of Runx2 was
significantly lower at days 7 and 14 compared to day 3 in MSCs encapsulated in
unmodified alginate, and was significantly lower at day 14 compared to day 3 in cells in
RGD-modified alginate. This trend was also observed in the expression of type I
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collagen (Col1) in unmodified and RGD-modified alginate cultures. The expression of
ALP for cells encapsulated within the unmodified alginate was similar at all time points.
Similar to the expression of Runx2 and Col1, ALP mRNA expression decreased over
time in cells encapsulated in RGD-modified alginate beads. However, ALP expression
levels by MSCs were higher in RGD-modified beads compared to the levels observed
from cells in unmodified beads. The expression of CD90 and CD105 was extremely low
(Ct > 35 cycles) at all time points for both culture conditions compared to undifferentiated
cells briefly cultured in basal medium (data not shown).
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Figure 3.9: Relative gene expression of osteogenic markers. Using RT-qPCR the
mRNA expression of (A) Runx2, (B) type I collagen, and (C) ALP was found to decrease
over 14 days in osteogenic media conditions. The expression of Runx2 and type I
collagen by MSCs remained similar in unmodified and RGD-modified alginate culture,
but ALP mRNA expression was higher in the cells within RGD-modified alginate
compared to unmodified. Gene expression was normalized to mouse MSCs briefly
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cultured in media without osteogenic supplements. Data are mean ±SD; *p < 0.05
compared to day 3, **p < 0.01 compared to day 3, ***p < 0.001 compared to day 3, @p
< 0.05 compared to unmodified, analyzed by Student t-test, ANOVA and Tukey’s test; n
≥ 3 experiments.

Alkaline Phosphatase Enzyme Activity in MSC Lysates
In contrast to the decreasing trend in the ALP mRNA expression, the ALP
enzyme activity by lysates of MSCs in unmodified and RGD-modified alginate beads
both exhibited an increasing trend over 14 days (Figure 3.10). More specifically, the
ALP activity of cell lysates collected from both unmodified and RGD-modified alginate
at day 14 was significantly higher compared to day 3. Moreover, when compared to the
activity by cells in unmodified beads, the ALP activity was significantly higher by the
MSCs encapsulated within the RGD-modified alginate beads at all time points tested in
the present study.

56

Figure 3.10: Alkaline phosphatase enzyme activity. ALP activity of cell lysates was
determined using a p-nitrophenol assay and normalized to total protein. Cells
encapsulated in unmodified and RGD-modified alginate increased in alkaline
phosphatase activity over 14 days in culture. The enzyme activity of MSCs was higher in
RGD-modified alginate compared to unmodified. Activity was normalized to the
unmodified day 3 activity. Data are mean ±SD; @p < 0.05 compared to unmodified,
@@p < 0.01 compared to unmodified, *p < 0.05 compared to day 3 & 7, **p < 0.01
compared to day 3 & 7, analyzed by Student t-test, ANOVA and Tukey’s test; n ≥ 3
experiments.

Calcium Deposits by MSCs in Alginate Beads
Alizarin red staining of MSCs encapsulated in unmodified and RGD-modified
alginate beads revealed calcium deposits by these cells after 21 days of culture (Figure
3.11). Although very little calcium deposits were present in the unmodified alginate
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beads, the positive staining for calcium in the RGD-modified alginate was intense and
prevalent.

Figure 3.11: Presence of calcium deposits within alginate scaffolds. Alginate
scaffolds embedded within GMA were stained with alizarin for the presence of calcium
at day 21. A small number of calcium deposits were shown in the (A) unmodified
alginate beads (arrows). More calcium deposits were shown to be present in the (B)
RGD-modified alginate beads. Scale bar = 100 μm.

3.4 Discussion
The objective of the present in vitro study was to determine the effect of RGD
modification on the viability and osteogenic differentiation of mouse MSCs within a 3D
alginate culture system. To confirm first that RGD modification of the alginate polymer
was successfully performed, cell adhesion of MSCs on alginate slab gels in the absence
of serum was assessed. Examination of fluorescently labeled MSCs on the surface of
unmodified and modified slab gels indicated that the RGD modification of alginate led to
increased cell attachment and spreading on the gel surface after 24 hours, compared to
the unmodified alginate (Figure 3.3). The spread cell morphology observed was similar
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to that found in monolayer cultures of MSCs on tissue culture plastic in the presence of
serum, indicating that the modification of the alginate polymer successfully provided
adhesion sites for MSCs. These results are in agreement with similar studies that
demonstrated RGD modification was necessary for myoblast and mouse pre-osteoblast
attachment to the surface of alginate for the long-term survival of these cells [94, 107].
Although the RGD peptide was necessary for initial cell attachment in the 2D
system, the results of the present study demonstrate that, with or without the RGD
modification, high cell viability of MSCs was maintained in the 3D alginate bead culture
for up to 28 days (Figure 3.4). Despite the lack of an apparent adhesive molecule for
mammalian cells [92], the present and other studies using both rodent and human cell
types have demonstrated that alginate bead culture can support cell viability without
RGD modification [100, 108, 121]. Furthermore, the results of the present study that
anchorage-dependent MSCs formed cellular extensions within unmodified and RGDmodified beads after 3 days (Figure 3.7) suggests that these surviving cells are adhering
to some extracellular structure. This was confirmed by the results of immunostaining for
vinculin that revealed the presence of focal adhesion in RGD-modified and unmodified
beads after day 1 (Figure 3.8A & C) and by day 2 (Figure 3.8B & D) of culture,
respectively. To the authors’ knowledge, this is the first study that has shown the
formation of focal adhesions in mouse MSCs cultured in unmodified alginate constructs.
In contrast to the present findings, a similar study using human MSCs demonstrated
vinculin expression only in cells cultured within RGD-modified constructs, but not in
cells within unmodified alginate constructs [122]. The difference in species, as well as in
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culture time may explain the discrepancy. Vinculin expression was examined after only
5 hours of culture in this previous report [122] as compared to 2 days as in the present
study. While it is likely that mouse MSCs encapsulated within RGD-modified alginate
beads attach to the RGD peptide grafted to the scaffold, within unmodified alginate
constructs it is possible that mouse MSCs synthesize and deposit a pericellular matrix for
adhesion, similar to chondrocyte behavior in vivo and in 3D culture [95]. Further
investigation, however, is necessary to determine the composition and time-course of
development for such a matrix within unmodified 3D hydrogel cultures of mammalian
cells.
The number of MSCs in alginate beads did not change up to 14 days of
osteogenic culture, but afterwards exhibited a decreasing trend (Figure 3.5), suggesting
that few cells proliferated within unmodified and RGD-modified alginate scaffolds.
Additionally, the number of MSCs remained similar between unmodified and RGDmodified beads over the 28 day culture period, indicating that RGD modification did not
affect cell proliferation. As the Live/Dead staining demonstrated that the number of dead
cells did not increase over time, it is likely that the decrease in cell number was due to
migration of the MSCs out of the alginate beads. Indeed, numerous cells were found on
the cell strainer mesh as well as the well plate surface at the end of the 28 day culture
period (Figure 3.6) and a similar migration of human MSCs from RGD-modified alginate
beads in in vitro culture was observed in a previous study [115]. The use of an
electrostatic bead generator in the present study provided much smaller alginate beads
(Figure 3.2) than commonly used in previous studies (1.4-2 mm diameter) [100, 106,
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107] making it likely that nutrient diffusion and cell growth were not limited by the
construct size [123, 124]. Due to the small bead size, however, it is possible that some
calcium ions crosslinking the matrix had leached out, increasing the porosity and no
longer keeping the cells entrapped within the bead [96]. Although the migration of cells
from the matrix may hinder long-term observation of cells in vitro, by taking advantage
of this behavior, it may be possible to design vehicles for cell delivery to specific sites of
interest in vivo [92, 110]. Together, the viability and cell number results demonstrate the
benefits of this culture system for use in short-term in vitro culture investigations and the
potential tissue engineering applications.
The results of the present study provided evidence that mRNA expression of
osteogenic markers, Runx2, Col1, and ALP, exhibited a decreasing trend in MSCs
encapsulated within both unmodified and RGD-modified alginate beads over the 14 day
culture period (Figure 3.9). To the authors’ knowledge, a direct comparison of the
mRNA expression of the osteogenic markers examined between RGD-modified and
unmodified alginate has not been reported in the literature. Runx2 is a transcription
factor that is considered one of the earliest markers for the osteogenic differentiation of
mesenchymal stem cells turning into pre-osteoblasts [16, 125]. It is likely that the
initially high Runx2 expression, as well as the extremely low mRNA expression of stem
cell markers CD90 and CD105 (results not shown) compared to cells cultured in nonosteogenic media, indicates an increase in differentiation in MSCs triggered by the
presence of osteogenic supplements in the media within both unmodified and modified
alginate constructs. The increased expression of the Runx2 factor may be related to the
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upregulation of another marker of osteogenic differentiation, type I collagen [15].
Previous studies demonstrated that rat pre-osteoblasts express high levels of Col1 mRNA
during the cell proliferation phase, which then decreases as differentiation into
osteoblasts occurs [126]. The decreasing trend in Col1 expression observed in the
present study thus likely indicates a transition from pre-osteoblast to osteoblast
differentiation, promoted by the osteogenic supplements within the media and Runx2
upregulation. The results of the present study that both Runx2 and Col1 were unaffected
by the RGD modification contrasted a previous study that reported type I collagen was
produced by mouse osteoblast precursor-like cells (MC3T3-E1) only in the presence of
RGD after 3 days [108]. However, the methods used in the previous study (i.e.,
transmission electron microscopy (TEM)) cannot specifically identify Col1 and it is
possible the fibrils described in the study are another ECM protein (e.g., type II collagen,
fibronectin). Additionally, the results of the present study are in agreement with other
studies that have demonstrated Col1 mRNA expression by both bovine [97] and human
bone marrow cells [122] was similar when encapsulated in unmodified or RGD-modified
alginate. Although it is possible the presence of dexamethasone masked the effects of
RGD modification on early differentiation it is likely that MSC differentiation into preosteoblasts was unaffected by the RGD modification of alginate.
Through a number of previous studies using cell lines [127] and primary rat
calvarial osteoblasts [128], it has been well established that ALP mRNA expression and
enzyme activity peak after the cell proliferative phase, following Runx2 and Col1 peak
expression, anywhere between 8-15 days of culture [126]. In the present study, however,
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the highest mRNA expression of ALP was observed on day 3, similar to Runx2 and Col1
peak mRNA expression, with a decreasing trend over time. Moreover, the ALP enzyme
activity of MSCs was shown to peak on day 14 (Figure 3.10). Although the mechanism
is still unknown, a similar lag time (approximately 7 days) between peak ALP mRNA
expression and peak ALP enzyme activity was seen in rat marrow stromal cells cultured
in osteogenic media [129]. It is possible that, similar to Col1 which continues to be
synthesized and accumulate despite decreased mRNA expression [127], ALP
transcription and translation may not correlate [129], or most likely, that the time-course
expression of osteogenic markers is different for MSCs and previously documented
calvarial osteoblasts. Despite the delay from the peak mRNA expression, the increase in
ALP activity of MSCs in the RGD-modified alginate seen in the present study is in
agreement with previous studies [107], in which mouse pre-osteoblasts within RGDmodified alginate expressed much higher ALP activity compared to those encapsulated in
unmodified alginate after 21 days. Based on the increased ALP mRNA expression and
enzyme activity compared to unmodified alginate, it is likely that the early focal
adhesions formed by MSCs within RGD-modified alginate microbeads enhanced the
osteogenic differentiation onset by the osteogenic supplements in the media.
The increased osteogenic differentiation of MSCs due to RGD modification of
alginate was further supported through histological examination of alizarin red-stained
specimens. The presence of calcium phosphate deposits by day 21 of MSC culture in the
RGD-modified alginate beads (Figure 3.11) indicates that the mouse MSCs have fully
differentiated, reaching the mineralization stage of osteoblast differentiation [126]. The
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increase in osteogenic differentiation with RGD modification in the present study is in
agreement with another study that found a higher amount of mineralization present in
histology sections of mouse osteoblast-like cells (MC3T3-E1) encapsulated in RGDmodified alginate compared to unmodified alginate after 28 days [108]. Although a
marked difference in mineralization between the unmodified and RGD-modified alginate
3D culture conditions was noted both in the present and previous [108] studies, a limited
amount of mineralization is observed in sections of unmodified constructs as well. The
results of the present study suggest that in the unmodified alginate group signals leading
to the maturation of osteoblasts, although not identified in the present findings, were
missing and the binding of MSCs to RGD triggered this signaling cascade.
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CHAPTER FOUR
AN INCREASED MATRIX STIFFNESS AND LOW SEEDING DENSITY
SUPPORT OSTEOGENIC DIFFERENTIATION IN 3D RGD-MODIFIED
ALGINATE

4.1 Introduction
The need for cell transplantation and tissue engineering for the repair and
restoration of damaged or diseased tissues continues to grow [91]. Hydrogels are often
explored as scaffolds to temporally immobilize and deliver drugs or healthy cells for
tissue repair in patients [90, 91]. One popular approach being explored for tissue
regeneration is the transplantation of differentiated stem cells into the damaged area [91].
However, the exact role of the initial matrix and cell seeding conditions on stem cell
differentiation behavior in 3D and the long-term outcome of these cellular therapies are
not well understood [130, 131].
Previous studies have demonstrated that, in addition to chemical factors, physical
factors such as matrix stiffness [132] and initial cell density [131] influence stem cell
behavior. For example, culturing human mesenchymal stem cells (MSC) on the surface
of polyacrylamide gels at varying substrate stiffnesses (0.1-40 kPa) influenced the final
cell fate [132]. More recent studies have also suggested this effect is similar for human
MSCs within a 3D culture [111, 130]. Similarly, changes in cell seeding density [133]
and increased cell-to-cell contact [134] have been shown to enhance specific
differentiation pathways. Culturing human MSCs at a low density resulted in increased
osteogenic differentiation while culturing at a high density led to significant adipogenesis
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[133]. However, the majority of these studies have been performed on 2D culture
substrates and the applicability of these findings to a 3D environment remains unknown.
The objective of the present study was to test the hypothesis that an increased
matrix stiffness and low cell seeding density would enhance the osteogenic
differentiation of mouse MSCs in an alginate 3D construct. Mouse MSCs were
encapsulated within RGD-modified alginate beads under osteogenic media conditions for
up to 14 days. Cell lysates and mRNA were analyzed to quantify DNA and the
expression of several osteogenic markers.

4.2 Materials and Methods
Cell Culture
Mouse (C57BL/6) mesenchymal stem cells (MSC) were purchased from
Invitrogen and cultured in basal medium (αMEM supplemented with 10% MSC-certified
fetal bovine serum (FBS), and 1% anti-biotic/anti-mycotic; Invitrogen, Carlsbad, CA)
under standard cell culture conditions (sterile, humidified, 37°C, 5% CO2/95% air
environment) according to the vendor’s instructions (Invitrogen, Carlsbad, CA). Cells
passaged 8 times or less were used in experiments.

RGD Peptide Modification of Alginate
Manugel GHB-sodium alginate (FMC Biopolymer, Philadelphia, PA) was
modified with the GRGDS peptide sequence (Bachem, Torrance, CA) following
published methods [94]. Briefly, alginate was covalently linked with the peptide (1 g: 10
mg) using carbodiimide chemistry and purified by dialysis (MWCO = 3500 kDa) for 4
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days in double distilled water. The product was then lyophilized and stored at room
temperature. Solutions of RGD-modified alginate were sterilized by filtration (0.45 μm
pore size) prior to use in cell culture experiments.

Alginate Bead Culture
Cell-encapsulating alginate beads were formed dropwise in 100 mM CaCl2 at 6
mL/h and 5.8-6.3 kV using an electrostatic bead generator (Nisco, Zurich, Switzerland).
To investigate the effects of matrix stiffness on MSC differentiation, MSCs (10×106
cells/mL) were encapsulated in 0.7%, 1.85%, or 3.5% (w/v) RGD-modified alginate and
to investigate the effects of cell density MSCs were encapsulated in 1.85% (w/v) RGDmodified alginate at 1×106 cells/mL, 10×106 cells/mL, or 30×106 cells/mL. After 10 min
of incubation in CaCl2, the beads were transferred into cell strainers (100 μm pore size) in
6-well plates and cultured in basal medium (αMEM supplemented with 10% MSCcertified fetal bovine serum (FBS), and 1% anti-biotic/anti-mycotic; Invitrogen, Carlsbad,
CA ) under standard cell culture conditions (sterile, humidified, 37°C, 5% CO2/95% air
environment). On the third day of culture the medium was switched to osteogenic
medium, that is, basal medium supplemented with 50 μM ascorbic acid, 10 mM βglycerophosphate, and 10 nM dexamethasone. Cells were cultured in osteogenic medium
for up to 14 days and the medium was changed every 1-2 days.

Assessment of Alginate Matrix Stiffness
Acellular alginate beads of different alginate concentrations (0.7%, 1.85%, 3.5%
(w/v)) were characterized using an atomic force microscope (AFM). Unmodified and
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RGD-modified alginate beads were colored by mixing a trace amount of trypan blue in
the alginate solution for visualization. AFM measurements were performed on individual
beads (n = 3) suspended in αMEM using a Veeco Dimension 3100 AFM with a Hybrid
head and Nanoscope IVa controller (Veeco Instruments, Plainview, NY). A 5 μm
borosilicate glass spherical indentor on a cantilever with a 0.06 N/m nominal spring
constant was used to indent beads at 1 μm/s to an indentation depth of 2 μm. The
modulus of elasticity was calculated using the Hertz model [135]. Poisson’s ratio was
assumed to be 0.5 for an incompressible material [136]. Following the assumptions of
the Hertz model, the equation was fit using the first 300 nm of indentation.

Quantification of Cell Proliferation
The number of cells per bead was determined using the CyQUANT assay kit and
following the manufacturer’s instructions (Life Technologies, Carlsbad, CA) on days 0,
3, 7, and 14. Briefly, between 3-25 alginate beads were dissolved in 55 mM sodium
citrate for 5 min and cells were pelleted by centrifugation. Cell pellets were lysed and
mixed with the dye for fluorescence measurements using a BioTek microplate reader
(Synergy 4). The cell number was determined using a standard curve prepared at the
time of assay and data were reported as the number of cells per bead for each time point.

RT-PCR for Osteogenic Marker mRNA
Expression of select genes in encapsulated cells was analyzed using reversetranscription quantitative polymerase chain reaction (RT-qPCR) on days 3, 7, and 14.
More specifically, beads were dissolved in 55 mM sodium citrate for 5 min and cells
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were pelleted by centrifugation. Total RNA was extracted from each cell pellet using the
RNeasy Mini Kit (Qiagen, Valencia, CA) and 200 ng of each sample was reverse
transcribed using the RETROscript first strand synthesis kit (Life Technologies). The
cDNA strands were amplified using the Rotogene 3000 thermocycler (Qiagen, Valencia,
CA) and SYBR green PCR kit (Qiagen) with primers specific for Runx2, alkaline
phosphatase, type I collagen, and CD90 (Table 4.1). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene. PCR amplification was
carried out for 35 cycles at 94°C (15 s), 58°C (25 s), and 72°C (20 s). Gene levels were
analyzed using the ΔΔCt method and compared to the gene expression of mouse MSCs
cultured briefly in monolayer without osteogenic supplements.

Table 4.1: Custom designed primer sequences
Gene
Runx2
Alkaline phosphatase
Type I collagen
CD90
GAPDH

Sequence (5’-3’)
F: GTCGAATGAAGTCGCTGTCC
R: TTGGCCCTGCCTAATGAAAG
F: GACAGCAAGCCCAAGAGACC
R: GAGACGCCCATACCATCTCC
F: AAGGGTCATCGTGGCTTCTC
R: ACCGTTGAGTCCGTCTTTGC
F: AGAGCCTTCGTCTGGACTGC
R: GAGCGGTATGTGTGCTCAGG
F: CTCCCACTCTTCCACCTTCG
R: ACCACCCTGTTGCTGTAGCC

Quantification of Alkaline Phosphatase Activity
Cell lysates were collected from MSCs encapsulated in unmodified and RGDmodified alginate beads using a tissue homogenizer (Omni International, Kennesaw, GA)
and RIPA buffer at days 3, 7, and 14. ALP activity was then determined using a p-
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nitrophenol assay [120]. Briefly, cell lysates were mixed with a p-nitrophenolphosphate
solution and incubated at 37°C for 30 min. Absorbance measurements were taken at 405
nm using a BioTek microplate reader (Synergy 4) and ALP activity determined using a pnitrophenol standard. ALP activity was normalized to total sample protein concentrations
determined using a Bradford protein assay (Bio-Rad, Hercules, CA). Fold-change in
ALP activity was determined by normalizing specific enzyme activity to activity at day 3
for the 0.7% (w/v) group or 1×106 cells/mL group.

Statistical Analysis
Each experiment was repeated at least three times with different batches of cells
(n ≥ 3). All numerical data were analyzed statistically via the Student t-test for
comparison of two groups and single-factor analysis of variance (ANOVA) for
comparison of more than two groups using GraphPad software (GraphPad Software,
Inc., La Jolla, CA). When statistical significance was detected Tukey’s test was used for
post-hoc analysis of the data. P-values less than 0.05 were considered statistically
significant.

4.3 Results
Alginate Bead Matrix Stiffness
The behavior of the alginate beads under deformation was mostly elastic with
little hysteresis observed (Appendix B). An increase in the concentration of alginate
(w/v%) resulted in a significant increase in elastic moduli of the beads for both
unmodified (p < 0.01) and RGD-modified alginate beads (p < 0.05) (Figure 4.). For each
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concentration level, the stiffnesses of unmodified and RGD-modified alginate were
similar (Figure 4.1).

Figure 4.1: Elastic modulus of unmodified and RGD-modified alginate beads in
media. Acellular alginate beads were indented using an atomic force microscope at 1
μm/s for 2 μm. Elastic modulus was determined using the Hertz model [135]. The
modulus for both alginate conditions increased with increasing alginate concentration
(w/v%). The modulus values of unmodified and RGD-modified alginate were similar at
all concentrations. Data are mean ±SD; *p < 0.05 compared to 0.7%, **p < 0.01
compared to 0.7%, ***p < 0.001 compared to 0.7%, analyzed by Student t-test, ANOVA
and Tukey’s test; n = 3 experiments.

MSC Cell Proliferation in Alginate Beads
The number of cells per bead was similar in the three different concentrations
(w/v%) at all time points tested over 14 days (Figure 4.2A & C). The number of cells per
bead when seeded at the highest cell density (30×106 cells/mL) decreased (p < 0.05) over
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the 14 day culture (Figure 4.2B). The number of cells per bead also significantly (p <
0.05) decreased for the alginate beads seeded at 10×106 cells/mL at day 14. Unlike the
cells seeded at the middle (10×106 cells/mL) and highest cell densities (30×106 cells/mL),
cells seeded at 1×106 cells/mL increased (p < 0.001) over time to approximately three
times the original cell number per bead (Figure 4.2D).

Figure 4.2: Cell proliferation within alginate scaffolds. The CyQuant assay was
performed on cell lysates and normalized to number of beads at (A & B) varying alginate
concentration (w/v%) and (C & D) varying initial cell densities. Cell number per bead
was normalized to day 0 value in graphs B & D. The number of cells was similar
between all three concentrations (w/v%) at all time points. Cells seeded at 10x106
cells/mL or 30x106 cells/mL reached a similar number of cells per bead by day 14 and
significantly (p < 0.05) decreased in cell number from day 0. Data are mean ±SD; *p <
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0.05 compared to day 0 & 3, **p < 0.01 compared to day 0, ***p < 0.001 compared to
day 0 & 3, analyzed by ANOVA and Tukey’s test; n ≥ 3 experiments.

Osteogenic Marker Expression by MSCs in Alginate Scaffolds
Runx2 mRNA expression by MSCs was similarly increased between all alginate
concentrations (w/v%) at day 3 of culture compared to MSCs briefly cultured without
osteogenic supplements (Figure 4.3A). By day 14 the cells encapsulated in 3.5% (w/v)
alginate scaffold exhibited the highest (p<0.05) Runx2 mRNA expression compared to
the cells in lower concentrations (0.7% & 1.85%) examined. The MSCs within 3.5%
(w/v) alginate had similar Runx2 mRNA expression at all time points, while the 0.7%
(w/v) alginate cell culture resulted in a decreasing trend in Runx2 expression over time.
For all alginate concentrations examined there was a decreasing trend in type I collagen
(Col1) mRNA expression by MSCs over time (Figure 4.3B). Col1 expression by cells
remained higher (p<0.0001) under the 3.5% (w/v) culture matrix condition at day 3
compared to cells within 1.85% and 0.7% (w/v) alginate, but reached similar levels of
expression by day 14. Alkaline phosphatase (ALP) mRNA expression by MSCs
increased (p<0.05) with increasing alginate concentration (w/v%) at day 3, but at day 14
ALP expression was similar between the three different alginate concentrations (w/v%)
(Figure 4.3C).
Runx2 mRNA expression by MSCs was similar between all cell density groups
after three days of osteogenic culture (Figure 4.3D). At day 14 the Runx2 expression
significantly (p<0.0001) decreased in the culture with the lowest (1×106 cells/mL) and
middle cell density (10×106 cells/mL) compared to days 3 and 7. The alginate scaffold
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seeded with 10x106 cells/mL initially had the highest (p<0.001) Col1 mRNA expression
by MSCs at day 3, but at day 7 the alginate scaffold seeded with 1x106 cells/mL had the
highest (p<0.01) expression by MSCs (Figure 4.3E). The ALP mRNA expression by
cells initially seeded at the lowest density (1×106 cells/mL) was significantly greater than
that of cells seeded at higher densities (10×106 cells/mL & 30×106 cells/mL) at days 3
(p<0.0001) and 7 (p<0.001), but all reached similar levels by day 14 (Figure 4.3F).

Figure 4.3: Relative gene expression of osteogenic markers. Using RT-qPCR the
mRNA expression of (A & D) Runx2, (B & E) Col1, and (C & F) ALP was found to
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decrease over 14 days for most osteogenic culture conditions examined. Col1 and ALP
mRNA expression were highest in MSCs within 3.5% (w/v) alginate scaffolds at day 3
and Runx2 mRNA expression was highest at day 14, compared to MSCs encapsulated in
0.7% and 1.85% (w/v) alginate. ALP mRNA expression was also significantly increased
by MSCs initially seeded at the lowest cell density (1×106 cells/mL) compared to the
higher densities (10×106 cells/mL & 30×106 cells/mL) examined at days 3 and 7. Data
are mean ±SD; *p < 0.05compared to day 3, **p < 0.01 compared to day 3, ***p <
0.0001 compared to day 3, #p < 0.05 compared to day 7, ##p < 0.01compared to day 7,
###p < 0.0001 compared to day 7, @p < 0.05, @@p < 0.01, @@@p < 0.0001, analyzed
by ANOVA and Tukey’s test; n ≥ 3 experiments.

Alkaline Phosphatase Enzyme Activity in MSC Lysates
MSCs within all three alginate concentrations (w/v%) examined had similar ALP
activity at day 3 (Figure 4.4A). At days 7 and 14 the ALP activity by cells within 3.5%
(w/v) alginate was significantly (p < 0.01 & p < 0.0001, respectively) higher than the
activity of cells within 0.7% and 1.85% (w/v) alginate. MSCs encapsulated in 1.85%
(w/v) alginate also had significantly (p < 0.001) higher ALP activity compared to MSCs
within 0.7% (w/v) alginate at day 14, but was still lower than the ALP activity by cells
within 3.5% (w/v) alginate.
The ALP activity by the cells seeded at 10×106 cells/mL was significantly (p <
0.01) higher compared to that by the cells seeded at 1×106 cells/mL on day 3 (Figure
4.4B). By day 14 however, the normalized ALP activity for cells seeded at the lowest
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cell density (1×106 cells/mL) was significantly (p < 0.0001) higher than the ALP
activities of the cells seeded at the higher cell densities.

Figure 4.4: Alkaline phosphatase activity. ALP activity of cell lysates was determined
using a p-nitrophenol assay and normalized to total protein, varying (A) the alginate
concentration (w/v%) and (B) the initial cell density. Activity was normalized to the
0.7% (w/v) or 1x106 cells/mL day 3 activity, respectively. ALP activity by MSCs within
3.5% (w/v) alginate was higher compared to the lower alginate concentrations. The cells
seeded at 1×106 cells/mL had higher ALP activity by day 14 of culture. Data are mean
±SD; @p < 0.05, @@p < 0.01, @@@p < 0.0001, #p<0.01 compared to day 7, ##p <
0.0001 compared to day 7, *p < 0.01 compared to day 3, **p < 0.0001 compared to day
3, analyzed by ANOVA and Tukey’s test; n ≥ 3 experiments.
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4.4 Discussion
The objective of the present in vitro study was to examine the effects of alginate
matrix stiffness and initial cell seeding density on the osteogenic differentiation of
encapsulated MSCs. Previous studies have demonstrated the effects of the substrate
stiffness on directing stem cell differentiation using polyacrylamide gels with varying
crosslinker concentrations [132]. Alginate stiffness can be tailored similarly by varying
the concentration of, or the time exposed to, the divalent cation crosslinker, or by
changing the weight of alginate added per volume of solvent [92, 137]. In order to
investigate the effect of alginate concentrations (w/v%) on the bead stiffness, AFM was
performed on unmodified and RGD-modified alginate beads submersed in basal media.
An increase in alginate concentration (w/v%) led to a significant (p < 0.05) increase in
the elastic modulus determined using the Hertz model (Figure 4.1), suggesting that the
concentrations selected (0.7%, 1.85%, 3.5%) would be effective in providing a range of
matrix stiffnesses (approximately 5-25 kPa). It was confirmed that the RGD-modified
alginate stiffness was similar to the unmodified at all concentrations (w/v%) examined
and the differentiation studies were therefore performed using RGD-modified alginate,
which has been previously shown to provide 3D conditions conducive to osteogenic
differentiation (Chapter 3). The modulus range for both 0.7% and 1.85% (w/v) alginate
(approximately 4.5-11 kPa and 14.5-19 kPa, respectively) were previously shown to
support myogenic and adipogenic differentiation [130, 132], while the range for 3.5%
(w/v) alginate (approximately 20-26 kPa) was previously shown to support the highest
level of osteogenic differentiation of MSCs in media with osteogenic and adipogenic
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supplements [130]. It was therefore hypothesized that the 3.5% alginate would support
the highest level of osteogenic differentiation in our culture system.
Investigation of the number of cells encapsulated per bead over a 14 day
osteogenic culture (Figure 4.2A & B) demonstrated that the alginate matrix stiffness did
not affect cell proliferation, migration, or apoptosis. The results of the present study
contrasted those of a previous study that demonstrated a small increase in hydrogel
stiffness led to the suppression of proliferation by a murine MSC line (C3H10T1/2)
[138]. The difference in results may be due to the use of a different hydrogel, a watersoluble 2-methacryloylooxyethyl phosphorylcholine (MPC) polymer reacted with
poly(vinyl alcohol) (PVA), in the previous study which has been reported to be inert and
prevent cell adhesion [138]. The addition of the RGD-adhesive in the present study may
have resulted in a change in cell shape and integrin binding, which has been previously
shown to influence stem cell behavior, including cell proliferation [130, 131]. Although
a direct comparison of hydrogel moduli between the studies cannot be assessed due to
vastly different mechanical tests, it is also possible that the modulus range observed in
the present study did not lead to a change in cell proliferation, but moduli outside of this
range, as may have been observed in the previous study [138], may influence cell
proliferation.
In a separate experiment cells were encapsulated in the RGD-modified alginate
(1.85% (w/v)) at different initial cell densities in order to explore how spatial relationship
may affect cell differentiation. The cellular DNA quantified immediately after bead
formation confirmed that the number of cells per bead at the three densities were as
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intended originally (Figure 4.2C). However, over the 14 day culture period the cells
encapsulated within alginate at the highest density (30×106 cells/mL) were found to
decrease in number per bead. An increasing trend in cell number on the other hand, was
observed by cells encapsulated at the lowest density (1×106 cells/mL), with three times as
many cells per bead at day 14 as originally seeded (Figure 4.2D). The middle condition
(10×106 cells/mL) maintained similar cell numbers over time, but did have fewer cells
encapsulated at day 14 compared to day 0. As our previous study (Chapter 3)
demonstrated that MSCs did migrate out of the alginate beads over time, it is likely the
decrease in cell number per bead was a result of cells migrating or leaching out of the
beads. These results are in agreement with several other studies that have demonstrated a
decrease in mouse preosteoblast and human MSC numbers within alginate microbeads
over a week of culture [100, 108, 115]. The increased cell number trend seen at the
lowest cell density condition has not been previously demonstrated with mouse MSCs in
alginate microbeads, but a similar increase in cell proliferation has been observed in
previous studies of chick embryo calvarial cells [106] and rabbit bone marrow cells [101]
seeded at low cell densities (4×104 cells/mL and 1×106 cells/mL, respectively) within
alginate beads. The results of the present study provide additional evidence to support
the hypothesis of previous studies that cell spreading [131] and/or cytoskeletal tension
[133], as may be influenced by cell density in the present study, can regulate stem cell
behavior, including cell proliferation. These results suggest that there may be an
optimum number of cells (400-500 cells per bead) maintained in alginate microbeads and
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by varying the seeding density, researchers may influence cell proliferation and
migration.
An increase in matrix stiffness controlled by the alginate concentration (w/v%)
resulted in differential mRNA expression of the osteogenic markers by MSCs (Figure
4.3). Specifically, Runx2 expression was significantly higher for cells encapsulated
within 3.5% alginate compared to that for cells encapsulated in both 0.7% (p < 0.001) and
1.85% (p<0.05) alginate at day 14 (Figure 4.3A). Although the exact mechanism is
unknown, the mRNA expression of Runx2 by MSCs in 3.5% alginate remained higher
compared to that of MSCs in 1.85% and 0.7% alginate and of the cells cultured in nonosteogenic media at day 14 indicating continuous osteogenic differentiation of MSCs was
modulated by the stiffer matrix. In addition to Runx2, the stiffer matrix led to higher
mRNA expression of Col1 and ALP by MSCs at day 3 (Figure 4.3B & C). Consistent
with our previous findings (Figure 3.9B &C, Chapter 3), the mRNA expression of Col1
and ALP by cells decreased over time. Though not quantified in the present study, it is
likely that the protein levels of these markers increased over time as observed in previous
studies using a murine MSC line (D1) and human MSCs [127, 129, 130, 132]. While the
mRNA expression of both Col1 and ALP by MSCs was initially higher for the stiffer
microbeads compared to the expression by cells in the weaker beads, by day 14 cells
encapsulated in all three alginate concentrations (w/v%) expressed similar levels (Figure
4.3B & C), suggesting that the higher matrix stiffness increased osteogenesis during early
differentiation. The results of the present study are in agreement with previous studies
that demonstrated increased Runx2, Col1, and ALP expression for human MSCs on stiff
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hydrogels (20-34 kPa) compared to lower stiffnesses (0.1-17 kPa) both in 2D and 3D
conditions after 1-7 days [130-132]. The increased ALP enzyme activity with increasing
matrix stiffness (Figure 4.4A) also suggests that the high stiffness alginate matrix
condition helps support a higher osteogenic response by MSCs over a 14 day culture
period. Overall, the results of RT-PCR and ALP assay suggest that an increase in
alginate matrix stiffness results in an increase in osteogenic response by mouse MSCs.
Although the present study did not investigate alginate microbeads with a modulus higher
than approximately 26 kPa, the modulus range (20-26 kPa) with the highest osteogenic
response by MSCs investigated is in agreement with a previous study, that demonstrated
lower mRNA expression of Runx2 and decreased ALP activity by a murine cell line (D1)
within alginate matrices with a high modulus value (110 kPa) compared to cells within
less stiff scaffolds (20 kPa) [130]. To the authors’ knowledge this is the first study to
compare the time-course expression of several osteogenic markers (Runx2, Col1, and
ALP) by MSCs varying matrix stiffness. The results of the present study provided
evidence that the increased osteogenesis of MSCs when cultured on or within a stiff
matrix is a result of early (up to 1 week) upregulation of osteogenic mRNA markers.
The mRNA expression of Runx2 and ALP of the cells initially seeded at the
highest density (30×106 cells/mL) stayed at similar levels over the 14 day culture (Figure
4.3D & F). In contrast, the mRNA expression for Runx2, Col1, and ALP by MSCs
seeded at low (1×106 cells/mL) and medium (10×106 cells/mL) cell densities peaked by
days 3 and 7 before decreasing in expression (Figure 4.3D-F). MSCs in alginate seeded
at 1×106 cells/mL also had higher ALP mRNA expression (Figure 4.3F) and enzyme
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activity (Figure 4.4B) compared to the cells seeded at higher densities. The results of the
present study provide evidence to support our hypotheses that osteogenic differentiation
of MSCs is positively influenced by a low seeding density. To the authors’ knowledge
this is the first study to demonstrate the effects of initial cell seeding density on MSC
osteogenic response in a 3D alginate scaffold. A previous study of human MSCs seeded
in fibrin-polyurethane constructs demonstrated that cell density did influence
chondrogenic differentiation, with a high seeding density (10×106 cells per scaffold)
leading to high localized chondrogenic differentiation [139]. It was suggested that the
findings of the previous study were due to increased cell-to-cell communication, although
this mechanism was not explored. It is interesting that in the previous study type I
collagen mRNA was upregulated by MSCs at a low cell density (2×106 cells per scaffold)
at day 6 of culture [139], in agreement with the present findings, however cell-to-cell
communication could not be controlled in the previous and present studies and it is more
likely that differentiation was influenced by nutrient diffusion due to seeding density.
Another possible explanation was suggested by a previous study in which human MSC
differentiation was influenced by integrin binding [130]. Further investigation is
necessary to assess integrin binding by MSCs within alginate hydrogels to determine how
this may affect stem cell differentiation.
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CHAPTER FIVE
A PRESSURE FREQUENCY THRESHOLD IN THE OSTEOGENESIS OF MSCS
IN 3D RGD-MODIFIED ALGINATE

5.1 Introduction
In the development of bone tissue engineering research, the mechanical
environment of mesenchymal stem cells (MSC) has been shown to influence cell
differentiation as much as the chemical and physical environments [9, 140]. It is well
accepted that stimuli such as mechanical stretch [1], fluid flow [40] and, although not as
frequently studied, hydrostatic pressure can enhance osteogenic differentiation of MSCs
[86]. The anabolic responses observed in MSCs and other bone-derived cells as a result
of applied strain and shear stress may not fully explain the cellular-level responses of
bone marrow cells to applied load on the skeleton [9, 69], and therefore to progress the
field of bone regenerative medicine it is important to further explore other stimuli like
hydrostatic pressure.
Previous in vitro studies have demonstrated varying responses of marrow cells to
hydrostatic pressure under various conditions, such as decreased tartrate resistant acid
phosphatase staining [80], increased bone marrow stem cell proliferation [141], and
increased alkaline phosphatase (ALP) activity [73]. However, the specific pressure
parameters (e.g. magnitude, duration, frequency) applied in previous studies have been
extremely varied and have thus led to a variety of cell responses [142]. For instance, one
study demonstrated that ALP activity and calcium levels were higher in human bone
marrow cultures exposed to pressure (300-375 kPa at 0.5 Hz for 1 min every 15 min for 8
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h) at day 6 of culture compared to those not exposed to pressure [83]. Yet, when the cells
were exposed to pressure on day 13 of culture no differences were seen with pressure
exposure [83]. Much lower pressure magnitudes were used in another study that found
the mRNA expression of early osteogenic markers (i.e. runt-related transcription factor 2
(Runx2), osterix) were increased in rat MSC cultures exposed to static or dynamic
pressure (23 kPa or 10-36 kPa at 0.25 Hz, respectively, for 1 h/day) up to 5 days [73].
While these and other previous studies have demonstrated that the cellular response is
dependent upon the frequency and other pressure parameters (magnitude, duration) [5,
143] it is still unclear what conditions lead to osteogenic differentiation.
Additionally, many of these studies have been limited to rigid culture substrates
(e.g. glass [80], polystyrene [82]) and 3D scaffold constructs (e.g. hydroxyapatite [86]
and titanium mesh [87]), which do not simulate the in vivo bone marrow environment
[9]. In vitro studies that take advantage of less rigid biomaterials for cell culture may be
beneficial in elucidating how pressure affects MSC differentiation in vivo. For this
reason, alginate was selected as the scaffold in the present study in order to better mimic
the marrow-like environment.
The objective of the present study was to test the hypothesis that MSC osteogenic
differentiation in a 3D alginate culture is promoted by cyclic pressure initiated at a
frequency threshold. To accomplish this mouse MSCs were encapsulated within RGDmodified alginate microbeads and exposed to cyclic pressure at 0.1 Hz or 0.5 Hz
frequencies using a custom-designed device. A Live/Dead assay was performed to assess
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cellular viability and cell lysates and mRNA were analyzed to quantify the expression of
several osteogenic markers.

5.2 Materials and Methods
Cell Culture
Mouse (C57BL/6) mesenchymal stem cells were purchased from Invitrogen and
cultured in basal medium (αMEM supplemented with 10% MSC-certified fetal bovine
serum (FBS), and 1% anti-biotic/anti-mycotic; Invitrogen, Carlsbad, CA) under standard
cell culture conditions (sterile, humidified, 37°C, 5% CO2/95% air environment)
according to the vendor’s instructions (Invitrogen, Carlsbad, CA). Cells passaged 8 times
or less were used in experiments.

RGD Peptide Modification of Alginate
Manugel GHB-sodium alginate (FMC Biopolymer, Philadelphia, PA) was
modified with the GRGDS peptide sequence (Bachem, Torrance, CA) following
published methods [94]. Briefly, alginate was covalently linked with the peptide (1 g: 10
mg) using carbodiimide chemistry and purified by dialysis (MWCO = 3500 kDa) for 4
days in double distilled water. The product was then lyophilized and stored at room
temperature. Solutions of RGD-modified alginate were sterilized by filtration (0.45 μm
pore size) prior to use in cell culture experiments.

Alginate Bead Culture
MSCs were suspended in 1.85% (w/v) RGD-modified alginate (10×106 cells/mL)
and cell-encapsulating beads were formed dropwise in 100 mM CaCl2 at 6 mL/h and 5.8-

85

6.3 kV using an electrostatic bead generator (Nisco, Zurich, Switzerland). After 10 min,
the beads were transferred into cell strainers (100 μm pore size) in 6-well plates and
cultured in basal medium under standard cell culture conditions. On the third day of
culture the medium was switched to osteogenic medium, that is, basal medium
supplemented with 50 μM ascorbic acid and 10 mM β-glycerophosphate. Cells were
cultured in osteogenic medium for up to 14 days and the medium was changed every 1-2
days.

Hydrostatic Pressure Application
A custom-made pressure device [80] was used to expose MSC encapsulated
alginate beads to cyclic hydrostatic pressure. The system consisted of a computer with a
custom Lab View code (National Instruments, Corporation, Austin, TX) and hardware
that controlled the pressurized environment inside of a sealed chamber in which cell
cultures were placed. The pressure in the chamber was monitored with a pressure
transducer and adjusted through the opening and closing of solenoid valves. A gas
mixture of 5% CO2, balanced with air was used to pressurize the system. The pressure
chamber was maintained at standard cell culture conditions within an incubator and a
small dish of water was placed within the chamber to maintain a humidified environment.
Previous reports in our lab demonstrated the pH, pCO2, and pO2 of the culture media
during pressure application remained similar to those of the control (ambient pressure)
conditions [5].
MSCs were exposed to cyclic pressure using a sinusoidal wave at 0.1 or 0.5 Hz at
5-35 kPa (above ambient) for 1 hour a day. Temperature within the pressure chamber
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was monitored during pressure exposure using a thermal sensor (MA100GG232C, DigiKey Corporation, Thief River Falls, MN). MSC encapsulating alginate beads not
exposed to cyclic pressure were maintained under similar culture conditions for the
duration of the experiments.
For comparisons between 2D and 3D conditions, MSCs cultured on tissue culture
plastic (TCP) (5000 cells/cm2) were exposed to the cyclic pressure conditions (5-35 kPa
at 0.1 Hz or 0.5 Hz for 1 h/day) or ambient pressure.

Quantification of Cell Proliferation
The number of cells per bead was determined using the CyQUANT assay kit and
following the manufacturer’s instructions (Life Technologies, Carlsbad, CA) on days 0,
3, 7, and 14. Briefly, between 5-15 alginate beads were dissolved in 55 mM sodium
citrate for 5 min and cells were pelleted by centrifugation. Cell pellets were lysed and
mixed with the dye for fluorescence measurements using a BioTek microplate reader
(Synergy 4). The cell number was determined using a standard curve prepared at the
time of assay and data are reported as the number of cells per bead normalized to the
initial number of cells per bead after formation.

RT-PCR for Osteogenic Marker mRNA
Expression of select genes in encapsulated cells was analyzed using reversetranscription quantitative polymerase chain reaction (RT-qPCR) on days 3, 7, and 14.
More specifically, beads were dissolved in 55 mM sodium citrate for 5 min and cells
were pelleted by centrifugation. Cell pellets were collected from MSC 2D cultures

87

through trypsinization and centrifugation. Total RNA was extracted from each cell pellet
using the RNeasy Mini Kit (Qiagen, Valencia, CA) and 200 ng of each sample was
reverse transcribed using the RETROscript first strand synthesis kit (Life Technologies).
The cDNA strands were amplified using the Rotogene 3000 thermocycler (Qiagen,
Valencia, CA) and SYBR green PCR kit (Qiagen) with primers specific for Runx2,
alkaline phosphatase, type I collagen, and CD90 (Table 5.1). Glyceraldehyde 3phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. PCR
amplification was carried out for 35 cycles at 94°C (15 s), 58°C (25 s), and 72°C (20 s).
Gene levels were analyzed using the ΔΔCt method and compared to the gene expression
of mouse MSCs cultured briefly in monolayer without osteogenic supplements.

Table 5.1: Custom designed primer sequences
Gene
Runx2
Alkaline phosphatase
Type I collagen
CD90
GAPDH

Sequence (5’-3’)
F: GTCGAATGAAGTCGCTGTCC
R: TTGGCCCTGCCTAATGAAAG
F: GACAGCAAGCCCAAGAGACC
R: GAGACGCCCATACCATCTCC
F: AAGGGTCATCGTGGCTTCTC
R: ACCGTTGAGTCCGTCTTTGC
F: AGAGCCTTCGTCTGGACTGC
R: GAGCGGTATGTGTGCTCAGG
F: CTCCCACTCTTCCACCTTCG
R: ACCACCCTGTTGCTGTAGCC

Quantification of Collagen Production
The amount of collagen secreted by MSCs inside the alginate beads was
quantified with the hydroxyproline assay according to a published protocol [144].
Briefly, the cell-encapsulating alginate beads were homogenized using a tissue
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homogenizer (Omni International, Kennesaw, GA) and the hydrogel and other
extracellular components were lyophilized before hydrolyzing in 12 M HCl at 120°C.
The sample pH was adjusted to 7.0 and reacted with a chloramine T solution. This was
then incubated with a p-dimethylaminobenzaldehyde solution at 60°C for 15 min. The
amount of hydroxyproline in each sample was determined spectrophotometrically by
measuring absorbance at 560 nm using a BioTek microplate reader (Synergy 4) and
converting the values using a standard curve prepared at the time of assay. The data are
reported as the weight of hydroxyproline per dry weight of the sample in each reaction.

Quantification of Alkaline Phosphatase Activity
Cell lysates were collected from MSCs encapsulated in unmodified and RGDmodified alginate beads using a tissue homogenizer (Omni International, Kennesaw, GA)
and RIPA buffer at days 3, 7, and 14. Cell lysates were also collected from MSCs on
TCP using a cell scraper and resuspended in RIPA buffer. ALP activity was then
determined using a p-nitrophenol assay [120]. Briefly, cell lysates were mixed with a pnitrophenolphosphate solution and incubated at 37°C for 30 min. Absorbance
measurements were taken at 405 nm using a BioTek microplate reader (Synergy 4) and
ALP activity determined using a p-nitrophenol standard. ALP activity was normalized to
total sample protein concentrations determined using a Bradford protein assay (Bio-Rad,
Hercules, CA). Fold-change in ALP activity was determined by normalizing specific
enzyme activity to the respective activity at day 3 for each group.
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Statistical Analysis
Each experiment was repeated at least three times with different batches of cells
(n ≥ 3). All numerical data were analyzed statistically via single-factor analysis of
variance (ANOVA) for comparison of more than two groups using GraphPad software
(GraphPad Software, Inc., La Jolla, CA). When statistical significance was detected
Tukey’s test was used for post-hoc analysis of the data. P-values less than 0.05 were
considered statistically significant.

5.3 Results
MSC Cell Proliferation in Alginate Beads
Under the non-pressurized (ambient pressure) control conditions, the normalized
number of MSCs per bead remained similar to the initial number for 3 and 7 days, but
decreased significantly (p < 0.0001) at day 14 (Figure 5.1). In contrast, when the cells
encapsulated in RGD-modified alginate beads were exposed to cyclic pressure (5-35 kPa
sinusoidal, at 0.1 or 0.5 Hz for 1 h/day), the decrease in the number of cells began at day
3 and became significantly (p < 0.05) lower compared to the normalized initial cell
number per bead and the non-pressurized control by day 7. By day 14 however, the
normalized cell number was similar for MSCs exposed to atmospheric and cyclic
pressure.
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Figure 5.1: Cell proliferation within alginate scaffolds. The Cyquant assay was
performed on cell lysates and normalized to the number of cells per bead at day 0.
Normalized cell numbers decreased in the pressurized groups after 7 days of pressure (535 kPa sinusoidal, at 0.1 or 0.5 Hz for 1 h/day). The non-pressurized (ambient pressure)
control also dropped in cell number after 14 days of culture. Data are mean ±SD; @p <
0.0001, *p < 0.05 compared to day 3, **p < 0.01 compared to day 3, ***p < 0.0001
compared to day 0, 3, & 7, #p < 0.0001 compared to day 0, analyzed by ANOVA and
Tukey’s test; n ≥ 3 experiments.

Osteogenic Marker Expression of MSCs within Alginate Scaffolds
The mRNA expression of the examined osteogenic markers, Runx2, type I
collagen (Col1), and alkaline phosphatase (ALP), by MSCs within RGD-modified
alginate exposed to atmospheric and cyclic pressure (5-35 kPa sinusoidal, at 0.1 or 0.5 Hz
for 1 h/day) had a decreasing trend with time (Figure 5.2). The expression of Runx2 and
Col1 by cells in alginate was similar with or without the application of cyclic pressure
over the 14 day culture. The application of pressure (5-35 kPa sinusoidal, at 0.1 or 0.5
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Hz for 1 h/day) to MSCs in standard monolayer culture resulted in an increasing trend in
Runx2 mRNA expression by cells (Figure 5.3A). Col1 mRNA expression by cells in
monolayer culture exposed to pressure exhibited a decreasing trend over time, similar to
the MSCs in alginate beads, but reached higher levels of expression at all time points
(Figure 5.3B). ALP mRNA expression was significantly (p < 0.05) higher in cells in
alginate exposed to pressure at 0.1 Hz compared to MSCs in alginate exposed to
atmospheric pressure and cyclic pressure at 0.5 Hz. Cells in monolayer culture exposed
to cyclic pressure maintained low ALP mRNA expression over the 14 day culture (Figure
5.3C).
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Figure 5.2: Relative gene expression of osteogenic markers by MSCs in alginate
beads. Using RT-qPCR the mRNA expression of (A) Runx2, (B) Col1, and (C) ALP by
MSCs within alginate hydrogels was found to decrease over 14 days. The mRNA
expression of Runx2 and Col1 in cells encapsulated within alginate was similar with or
without the application of cyclic pressure (5-35 kPa sinusoidal, at 0.1 or 0.5 Hz for 1
h/day). The mRNA expression of ALP by cells in alginate was increased when exposed
to cyclic pressure at 0.1 Hz compared to atmospheric pressure and cyclic pressure at 0.5
Hz at day 3. Data are mean ±SD; @p < 0.05, @@p < 0.01, *p < 0.05 compared to day 3,
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**p < 0.01 compared to day 3, ***p < 0.0001 compared to day 3, #p < 0.01 compared to
day 7, analyzed by ANOVA and Tukey’s test; n ≥ 3 experiments.

Figure 5.3: Relative gene expression of osteogenic markers by MSCs on TCP.
Using RT-qPCR the mRNA expression of (A) Runx2, (B) Col1, and (C) ALP by MSCs
on TCP was differentially modulated over time. The mRNA expression of Runx2 by
cells was increased after exposure to cyclic pressure (5-35 kPa at 0.5 Hz) in a frequency
dependent manner. Col1 mRNA expression was not affected by pressure application.
The expression of ALP by MSCs did not appear to be dependent upon pressure
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application, but at day 14 is increased in cultures exposed to pressure at both frequencies
(0.1 Hz and 0.5 Hz). Data are mean±SD; n = 2.

Collagen Production within Alginate Scaffolds
Collagen content decreased in non-pressurized alginate cultures and cultures
exposed to pressure at 0.1 Hz, but increased over time for cultures exposed to pressure at
0.5 Hz (Figure 5.4). Initially collagen content was highest in non-pressurized controls
compared to the pressurized alginate cultures, but by 14 days of culture the scaffolds
containing cells exposed to pressure at 0.5 Hz had a higher amount of collagen than both
non-pressurized controls and cultures exposed to pressure at 0.1 Hz.

Figure 5.4: Collagen content within alginate scaffolds. Collagen content was
determined using a hydroxyproline assay and normalized to the sample dry weight.
Collagen content decreased in non-pressurized controls and cultures exposed to pressure
at 0.1 Hz over time, but increased when pressure was applied at 0.5 Hz. Collagen was
significantly higher in non-pressurized controls at day 3 compared to the pressurized
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cultures. Cultures exposed to pressure at 0.5 Hz had a significantly higher amount of
collagen at day 14 compared to non-pressurized controls and cultures exposed to pressure
at 0.1 Hz. Data are mean ±SD; @p < 0.01, @@p < 0.001, @@@p < 0.0001, *p < 0.001
compared to day 3, **p < 0.0001 compared to day 3, #p < 0.01 compared to day 7,
analyzed by ANOVA and Tukey’s test; n ≥ 3 experiments.

Alkaline Phosphatase Enzyme Activity in MSC Lysates
ALP enzyme activity did not significantly change for non-pressurized cultures
and alginate cultures exposed to pressure at 0.1 Hz (Figure 5.5). However, MSCs
encapsulated in alginate and exposed to pressure at 0.5 Hz increased in ALP enzyme
activity over 14 days. Although MSCs cultured in monolayer and exposed to pressure at
0.1 or 0.5 Hz increased in ALP enzyme activity at day 7, no difference was demonstrated
between the two frequencies and enzyme activity did not reach the high levels seen in the
3D 0.5 Hz pressurized cultures (Figure 5.6).
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Figure 5.5: Alkaline phosphatase activity of cell lysates of MSCs in RGD-modified
alginate. ALP activity of cell lysates was determined using a p-nitrophenol assay and
normalized to total protein. ALP activity increased for encapsulated cells exposed to
pressure at 0.5 Hz over 14 days. ALP activity was also higher for encapsulated cells
exposed to pressure at 0.5 Hz compared to non-pressurized controls and encapsulated
cells exposed to pressure at 0.1 Hz at days 7 and 14. ALP activity was lower in
pressurized monolayer cultures compared to 0.5 Hz 3D alginate cultures. Data are mean
±SD; @p < 0.05, @@p < 0.0001, *p < 0.05 compared to day 3, **p < 0.0001 compared
to day 3 & 7, analyzed by ANOVA and Tukey’s test; n ≥ 3 experiments.
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Figure 5.6: Alkaline phosphatase activity of cell lysates of MSC monolayers. ALP
activity of cell lysates was determined using a p-nitrophenol assay and normalized to
total protein. The ALP activity of MSCs cultured on TCP was not affected by pressure
application (5-35 kPa at 0.1 Hz or 0.5 Hz) or pressure frequency. The ALP activity of
MSCs also did not seem to vary with time over the 14 day culture.

5.4 Discussion
Previous studies demonstrated that the effect of applied cyclic pressure on
osteoblast [5] and osteocyte [145] function was dependent on the frequency and duration
of the stimulus. The present in vitro study sought to test the hypothesis that cyclic
pressure affected mouse MSC behavior in a 3D environment via increased osteogenesis
upon reaching a frequency threshold. To accomplish this, MSCs were encapsulated
within RGD-modified alginate beads and exposed to cyclic pressure (5-35 kPa) at 0.1 or
0.5 Hz using a custom-designed pressure device for 1 h/day for up to 14 days. A
previous study suggested that a frequency threshold for eliciting osteoblast response to
cyclic pressure may exist around 0.5 Hz and similarly, that pressure duration of 1 hour
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was necessary for a change in cell behavior [5]. Indeed, the majority of studies
investigating the effects of pressure on bone cell activity have focused on cyclic pressure
applied either at 0.5 or 1 Hz for at least 1 hour [72, 87, 145]. However, during normal
ambulation the pressure frequency has been suggested to range from 0.3-3 Hz [146].
Therefore the frequencies selected for the present study were 0.1 Hz, which was
predicted to result in a similar cell response as the ambient control, and 0.5 Hz, applied
daily for 1 hour. The pressure values were selected in order to expose MSCs to
physiologically relevant levels of pressure as well as maintain consistency with previous
reports [73, 76, 80]. Specifically, in vivo readings of the femur intramedullary pressure,
combined with model predictions, have suggested that pressures within the femur may
range from 1.5 kPa up to as high as 2 MPa depending on the physical activity [42-44, 70].
The application of cyclic pressure in this large range (1.5 kPa-2 MPa) is likely not a
realistic representation of the pressures observed in vivo within the medullary canal
during normal ambulation in mice. In vitro and in vivo loading of sheep tibiae and rat
femurs respectively, determined pressures to rise only between 8-40 kPa due to forces
similar to those experienced during normal ambulation. Rather, the pressure range
selected (5-35 kPa) was more similar to previous in vitro studies that have demonstrated
both static and dynamic pressure, ranging from 0-40 kPa, affect rodent marrow stem cell
behavior in vitro [73, 82, 141, 143].
In the present study, the application of cyclic pressure at both 0.1 Hz and 0.5 Hz
to MSCs in 3D culture resulted in an earlier drop in cell number compared to the nonpressurized (atmospheric) control (Figure 5.1). Although a direct comparison in results
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of the present and previous studies is not possible due to vastly different experimental
techniques, these results contrasted previous reports that cyclic pressure application does
not affect marrow cell numbers compared to ambient controls [86, 147]. One possible
explanation for the difference in results is that MSCs may be sensitive to the magnitude
of cyclic pressure. In the present study cyclic pressure of 5-35 kPa led to decreased MSC
numbers, but in previous reports cyclic pressure of 0-10 MPa [147] and 0-0.5 MPa [86]
did not affect the number of marrow cells in 3D. In agreement with previous studies of
osteoblasts [72, 76] however, mouse MSC cell number change was not dependent on the
frequency (0.1 Hz or 0.5 Hz) of pressure. One of the possible explanations for the
decreased cell numbers with cyclic pressure application is that the applied pressure (5-35
kPa at 0.1 Hz or 0.5 Hz) stimulated cell migration from the alginate beads. In fact, a
recent study demonstrated that pressure (13 kPa or 27 kPa, 5 min on and 10 min off)
applied for 2 h to human MSCs resulted in cell migration across a fibronectin coated
surface [148]. Due to the limitations of the CyQUANT assay, which fluoresces when
bound to nucleic acids, it is possible that the cell number measurements do not represent
all viable cells, but may include both live and dead cells with non-degraded DNA. Our
previous results (Chapter 3) demonstrated a decreasing cell number trend over time due
to cell migration, similar to that observed for MSCs in microbeads at atmospheric
pressure, suggesting pressure may have facilitated this migration, but further
investigation is necessary to determine the mechanism for decreased cell numbers with
pressure application.
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The mRNA expression of Runx2 in MSCs within alginate microbeads at
atmospheric pressure and cyclical pressure decreased over time (Figure 5.2A), similar to
the results with static cultures in our previous studies (Chapters 3 & 4). Thus far, the few
studies that examined the effects of applied pressure on Runx2 expression by marrow and
mesenchymal stem cells produced inconsistent results [73, 86, 149]. Specifically,
compared to unloaded controls rat marrow stem cells exposed to cyclic pressure (10-36
kPa at 0.25 Hz) increased Runx2 mRNA expression in a 2D culture [73]. Human MSCs
seeded on collagen scaffolds, on the other hand, expressed similar levels of Runx2
mRNA under atmospheric pressure or when subjected to cyclic pressure (0-1 MPa at 1
Hz) [149]. Although the specific pressure parameters used in the previous and present
studies are different, the use of a 3D environment or possibly a less stiff substrate may
influence Runx2 expression. However, the present findings suggest that pressure may
not play a role in the early osteogenic marker regulation in 3D.
In a similar manner as Runx2 mRNA, type I collagen (Col1) mRNA expression in
MSCs decreased over the 14 day culture period (Figure 5.2B). Moreover, Col1 mRNA
expression was not affected by the application of cyclic pressure at either frequencies
tested in the present study. These results are in agreement with a previous study in which
Col1 mRNA expression was similar in rat calvarial osteoblasts exposed to cyclic pressure
(10-40 kPa at 1 Hz) and in osteoblasts at atmospheric pressure for 12 days [72].
Although results of RT-PCR indicated that exposure to cyclic pressure did not affect type
I collagen mRNA expression by MSCs, results of the hydroxyproline assay provided
evidence that cyclic pressure applied at 0.5 Hz, but not at 0.1 Hz, led to an increase in
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collagen synthesis by these cells in 3D (Figure 5.4). Studies of the temporal expression
of type I collagen both in mRNA and protein levels by rat calvarial osteoblast precursors
have demonstrated Col1 does accumulate during osteoblast differentiation despite
decreased mRNA expression [127], as seen in the present study, but the present results
also suggest that post-transcriptional synthesis of Col1 is influenced by cyclic pressure
and is dependent on the applied frequency. These results suggest that there exists a
threshold frequency of at least 0.5 Hz to increase osteogenic response as implied in the
findings of previous studies [5, 146]. It should be noted, however, that the
hydroxyproline assay does not discriminate types of collagen and, thus, it is possible that
the increased collagen present in microbeads exposed to 0.5 Hz cyclic pressure may have
resulted from increased synthesis of not only type I, but other types of collagen as well.
ALP mRNA expression also decreased over the 14 day culture period, consistent
with other genes (Figure 5.2C). At day 3 MSCs exposed to pressure at 0.1 Hz initially
had higher ALP mRNA expression compared to atmospheric controls and MSCs exposed
to pressure at 0.5 Hz. However, ALP enzyme activity of MSCs exposed to pressure at
0.1 Hz was only slightly increased by day 14 and despite having lower mRNA expression
of ALP, enzyme activity of MSCs exposed to pressure at 0.5 Hz was significantly higher
at days 7 (p < 0.05) and 14 (p < 0.0001) (Figure 5.5). Although the exact mechanism is
unknown, one possible explanation for the discrepancies between the results of RT-PCR
and the alkaline phosphatase assay in the present study is that the applied cyclic pressure
may have an effect more on the translation of ALP, or even the enzyme activity, rather
than the transcription. Though not directly comparable, one of the examples of such
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differential osteogenic responses to mechanical stimuli is a study of rat bone marrow
stromal cells exposed to continuous or intermittent shear stress; while mRNA expression
was similar, osteopontin protein expression increased only in the cells exposed to
continuous flow [150]. The change in protein expression despite similar mRNA levels
cannot fully explain the mechanotransduction pathway, but the present findings,
consistent with the increased collagen accumulation, suggest that osteogenic
differentiation is promoted by the application of pressure in a frequency-dependent
manner.
Unlike the expression observed from MSCs encapsulated within RGD-modified
alginate, Runx2 mRNA expression by MSCs cultured on TCP was increased with cyclic
pressure (5-35 kPa at 0.5 Hz) (Figure 5.3A). Additionally, Runx2 expression was
dependent on the pressure frequency in the monolayer culture, as the mRNA expression
by MSCs exposed to cyclic pressure at 0.1 Hz was similar to the levels seen in ambient
controls. Although statistical comparisons between the mRNA expression of Runx2 by
MSCs within alginate and on the surface of TCP were not performed, these results do
suggest that the use of a 3D environment does affect the Runx2 expression in response to
pressure. In contrast to the differing response in Runx2 expression by MSCs in 3D
culture compared to on TCP, MSCs in both 3D and TCP culture conditions demonstrated
similar trends in Col1 mRNA expression over the 14 day culture (Figure 5.3B). It should
be noted that Col1 mRNA expression was initially higher in MSC monolayers compared
to MSCs in alginate microbeads, most likely due to the formation of an extracellular
matrix (ECM) in which Col1 mRNA is highly expressed, along with other ECM proteins

103

(e.g., fibronectin, transforming growth factor-β) [126]. The select number of RGD sites,
based on alginate modification, may initially limit the spreading as well as ECM
production by MSCs in microbeads [111]. Regardless of the magnitude of relative
expression, Col1 mRNA expression by MSCs in monolayer was not influenced by cyclic
pressure. Similar to the results observed in Runx2 expression, the mRNA expression and
enzyme activity of MSCs on TCP contrasted those of MSCs in 3D alginate microbeads.
The ALP expression and activity in MSCs cultured in monolayer were not affected by the
application cyclic pressure at either of the investigated frequencies (0.1 Hz or 0.5 Hz).
Together, the results suggest that MSC response to pressure is influenced by its culture
environment and therefore the use of 3D systems may be important in future
mechanotransduction studies.
Overall, the results of both RT-PCR and protein assays support our hypothesis
that mouse MSC osteogenic differentiation within RGD-modified alginate microbeads is
promoted by applied cyclic pressure onset by a frequency threshold of at least 0.5 Hz. To
confirm that the increased differentiation observed in the present study is osteogenic,
further investigation is needed examining the specific type(s) of collagen synthesized as
well as the expression of late osteoblast markers, such as osteocalcin and mineralization.
This evidence provides insight into the mechanobiology of MSCs in response to
mechanical loading and could be used to help direct the osteogenic differentiation of stem
cells for bone regenerative medicine.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction
The objective of this dissertation research was to test the hypothesis that the
application of cyclic pressure on mouse mesenchymal stem cells (MSC) cultured in 3D
scaffolds would enhance stem cell osteogenic differentiation in a frequency-dependent
manner (Chapter 5). Moreover, it was hypothesized that osteogenic differentiation of
MSCs encapsulated in alginate beads depends on modification of alginate with the RGD
peptide, (Chapter 3), and the initial experimental parameters (i.e., matrix stiffness,
seeding density) (Chapter 4).

6.2 Osteogenic Response of MSCs in RGD-Modified Alginate Scaffolds
In order to select a 3D scaffold for the investigation of applied cyclic pressure on
MSC differentiation, the effects of the RGD peptide on the osteogenic differentiation of
alginate encapsulated MSCs were investigated (Chapter 3). Although alginate
modification with the RGD peptide did enhance mouse MSC adhesion, MSCs do survive
and respond to dexamethasone without RGD in 3D. Additionally, cell proliferation was
unaffected by RGD modification and the mRNA expression of runt-related transcription
factor-2 (Runx2) and type I collagen (Col1) by MSCs may not be related to facilitated
cell adhesion. However, alkaline phosphatase (ALP) mRNA expression and enzyme
activity, as well as mineralization, were enhanced in RGD-modified alginate microbeads.
These results indicate that the RGD peptide is not required for MSC viability, but the
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early cell adhesion initiated by the presence of RGD is important in the development of
mature osteoblasts from MSCs. Therefore the remaining experiments (Chapters 4 and 5)
were performed using RGD-modified alginate.

6.3 Focal Adhesive Contacts of MSCs in Alginate Scaffolds
RGD-modification was shown to have no effect on cell viability and proliferation
compared to MSCs in unmodified alginate (Chapter 3), in agreement with previous
studies using rodent and human marrow cells [100, 108]. However, it is well understood
that osteoblasts are anchorage-dependent [108] and the early response of MSCs to
dexamethasone (i.e., Runx2 and Col1 mRNA upregulation from undifferentiated
controls) in the present study contrasted the hypothesis that MSCs undergoing osteoblast
differentiation require an adhesive site. The formation of focal adhesions in both
unmodified and RGD-modified alginate beads by MSCs after 2 days in culture media
(Chapter 3) may help to partially explain the current findings. To the authors’ knowledge
this is the first study to demonstrate the presence of focal adhesions in unmodified
alginate constructs with MSCs. These results suggest the cells may be forming their own
pericellular matrix within the scaffolds, thereby allowing cell attachment and osteogenic
differentiation.

6.4 Early Upregulation of Osteogenic Markers in MSCs Influenced by Stiffness and
Seeding Density
The 3D scaffold conditions were further developed by examining the effects of
matrix stiffness and cell seeding density on mouse MSC osteogenic differentiation. The
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results of the present study demonstrated that both an increased matrix stiffness and low
seeding density increased the osteogenic differentiation of MSCs in RGD-modified
alginate microbeads. Although the low seeding density likely resulted in a higher
availability of nutrients for cell proliferation and differentiation, it is possible that the cell
density as well as matrix stiffness influenced the integrin binding, leading to the early
upregulation of osteogenic markers (Runx2, Col1, and ALP). While these initial
experimental conditions were shown to increase osteogenesis, pressure experiments were
performed using the middle conditions (1.85% (w/v) alginate, 10×106 cells/mL) due to
higher consistency between experiments under these conditions.

6.5 MSC Osteogenic Response to Cyclic Pressure is Dependent on Culture
Conditions
The results of the present study suggested that cyclic pressure (5-35 kPa for 1
h/day) did promote the osteogenic differentiation of MSCs in 3D culture when applied at
0.5 Hz, but not 0.1 Hz. To the authors’ knowledge, this is the first study to provide
evidence that cyclic pressure applied above a frequency threshold may influence the posttranscriptional synthesis of osteogenic markers. The present findings did demonstrate
however, that the mRNA expression and enzyme activity of MSCs cultured on tissue
culture plastic (TCP) in response to cyclic pressure was vastly different from the response
in 3D and that cyclic pressure at the applied magnitude (5-35 kPa) may not influence
osteogenic differentiation, or most likely that the critical frequency threshold is higher
than 0.5 Hz.
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6.6 Summary
In summary, the results of the present research provide evidence, for the first
time, that MSC osteogenic differentiation in 3D, in response to cyclic pressure (5-35 kPa
for 1 h/day), has a frequency threshold of at least 0.5 Hz. In addition, we have also
demonstrated the osteogenic differentiation of mouse MSCs can be promoted by the
initial 3D scaffold experimental parameters including the presence of the RGD peptide, a
high matrix stiffness, and low cell seeding density. The results of the present study
suggest that the scaffold conditions and mechanical environment described in the
previous chapters may be used for the promotion of osteogenesis by MSCs. Further
research, as outlined below, will also aide in the progression of our understanding of
MSC mechanotransduction and ultimately provide applications in bone tissue
engineering and regenerative medicine.

Recommendations for Future Studies


Determine the composition and time-course of development of a pericellular
matrix that may be synthesized by MSCs in unmodified and RGD-modified
alginate beads



Investigate the possible migration of MSCs out of alginate beads with and without
applied cyclic pressure



Characterize the integrin binding of MSCs in RGD-modified alginate at different
seeding densities and matrix stiffnesses
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Monitor glucose consumption and pH in the media of MSCs encapsulated in
RGD-modified alginate at different seeding densities



Explore the viability over time of encapsulated MSCs exposed to cyclic pressure



Quantify the protein expression of osteogenic markers (Runx2, Col1) by MSCs
over time in response to cyclic pressure



Examine the expression of late osteogenic markers (osteocalcin, mineralization)
by MSCs encapsulated in RGD-modified alginate microbeads in response to
cyclic pressure



Characterize the response of MSCs cultured on TCP to cyclic pressure applied at
1 Hz, compared to that of MSCs encapsulated in alginate
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Appendix A
Matlab scripts for bead diameter measurements

Calibration script
%Clear the workspace
clear
%Open a calibration file chosen by the user
[myFileName, myPathName] = uigetfile({'*.jpg';'*.*'}, 'Select an image to load.');
myFileToOpen = fullfile(myPathName, myFileName);
myImage = imread(myFileToOpen);
%Click 2 points to calibrate the pixel distance
[myImageArray(:,1),myImageArray(:,2),myPixelValues]=impixel(myImage);
%Enter the known scale bar length
ScaleSize=input('Please enter the length of the scale bar (in microns).\n');
%Calibrate the pixel distance
x=myImageArray(1,1)-myImageArray(2,1);
y=myImageArray(1,2)-myImageArray(2,2);
ScaleBarLength=sqrt(x^2+y^2);
fprintf('Scale bar length, in pixels = %g.\n',ScaleBarLength);
fprintf('Scale bar length, in microns = %g.\n',ScaleSize);
Scale=ScaleSize/ScaleBarLength;
fprintf('Image to reality scale, microns/pixel = %g.\n',Scale);

Manual determination of bead diameters
%close;
%Load an image chosen by the user
[myFileName, myPathName] = uigetfile({'*.jpg';'*.*'}, 'Select an image to load.');
myFileToOpen = fullfile(myPathName, myFileName);
myLoadedImage = imread(myFileToOpen);
%Click ends of each bead in order
[myBeadArray(:,1),myBeadArray(:,2),myValues]=impixel(myLoadedImage);
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[m,n]=size(myBeadArray);
%Calculate the bead diameter
for k=1:m-1
xBead=myBeadArray(k,1)-myBeadArray(k+1,1);
yBead=myBeadArray(k,2)-myBeadArray(k+1,2);
BeadSize=sqrt(xBead^2+yBead^2);
BeadSizeAgain=BeadSize*Scale;
fprintf('Bead size, in pixels = %g.\n',BeadSize);
fprintf('Bead size, in microns = %g.\n',BeadSizeAgain);
end

Automatic bead diameter calculation
close;
%Load an image chosen by the user
[myFileName, myPathName] = uigetfile({'*.jpg';'*.*'}, 'Select an image to load.');
myFileToOpen = fullfile(myPathName, myFileName);
myLoadedImage = imread(myFileToOpen);
subplot 221
imshow(myLoadedImage);
%Convert the image to black and white
newbead=rgb2gray(myLoadedImage);
threshold=graythresh(newbead);
bw=im2bw(newbead,threshold);
%Invert black and white
bw2=bwmorph(1-bw,'clean',Inf);
subplot 222
imshow(bw2);
%Remove all objects containing fewer than 100 pixels
bw=bwareaopen(bw2,100);
%Fill any holes, so that regionprops can be used to estimate the area
%enclosed by each of the boundaries
bw=imfill(bw,'holes');
subplot 223
imshow(bw);
%Focus on the exterior boundaries
[B,L]=bwboundaries(bw,'noholes');
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%Display the label matrix and draw each boundary
subplot 224
imshow(label2rgb(L,@jet,[.5 .5 .5]))
hold on
for k=1:length(B)
boundary=B{k};
plot(boundary(:,2),boundary(:,1),'w','LineWidth',2)
end
%Calculate the diameter of the object
stats=regionprops(bw,'EquivDiameter');
Diameter=[stats.EquivDiameter];
%Convert the diameter to microns using calibration scale
BeadSize=Diameter*Scale;
myFileName
fprintf('Bead size, in pixels = %g.\n',Diameter);
fprintf('Bead size, in microns = %g.\n',BeadSize);
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Appendix B
Alginate bead indentation behavior

Figure B.1: Representative indentation behavior of alginate beads at different
alginate concentrations. Acellular alginate beads were indented using an atomic force
microscope at 1 μm/s for 2 μm. The extension (Ex) and retraction (Rt) behavior were
plotted and little hysteresis was observed for each examined alginate concentration
(w/v%). The first 300 nm of behavior were used in the Hertz model to determine the
elastic modulus.
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